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SUMMARY
The effect of sustained loading on adhesively bonded systems has been investigated. This 
has been done through a combination of experimental and numerical work.
Two contrasting adhesives were selected and were tested at room temperature and at 50°C. 
Bulk tensile properties and creep compliance data were obtained for both adhesives through 
uniaxial tensile tests in a screw driven Instron test machine. Several configurations of joints 
have also been tested, looking at adhesive shear and peel performance for joints loaded at 
various percentages of their quasi-static strength. Results from shear tests indicate that 
below a certain percentage ultimate strength joint failure will not be reached within a period 
of 20 months.
From the creep compliance data for the bulk adhesive a material model was developed. 
Several models were investigated and the final model selected was a scaled version of the 
standard Abaqus model. This provided a good representation of the bulk behaviour of the 
adhesive and when applied to adhesive joints, through finite element analysis, led to a close 
correlation with experimental results.
This model was used subsequently to analyse the changes, over time, in stress and strain 
distributions for several joint configurations loaded at various percentages of their quasi­
static strength. The results showed a re-distribution of the stresses within the joints with 
time, resulting in a reduction in the peak stresses found at the ends of joint overlaps. An 
increase in joint overlap length gave a reduction in the peak stresses attained and 
consequently a reduction in the overall creep strain. At the centre of the long overlap the 
creep strain level is reduced significantly, but is not removed altogether, contrary to current 
expectation.
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INTRODUCTION
1. INTRODUCTION
1.1 Background
An adhesive can be defined as a material which can join two surfaces together and resist 
separation [Kinloch, 1987]. Adhesion is defined as the state in which two surfaces are held 
together by interfacial forces of attraction, owing to the interaction of molecules, atoms and 
ions in the two surfaces. These forces range in magnitude from the strong chemical bonds 
formed when two atoms share electrons, or when electric charges attract each other, to the 
comparatively weak attraction forces (van der Waals interactions) which are formed 
whenever two substances are placed in intimate contact.
Adhesives have been used as a means of joining materials for many centuries, but it is only 
in relatively recent years, with the development of synthetic polymers, that the technology 
has advanced significantly such that adhesives can be used in technically demanding 
applications.
The use of structural adhesives in industry is increasing dramatically, but is still far less 
than might be expected. A lack of knowledge and understanding of the long term 
performance of bonded structures has limited their use considerably. There are many 
advantages in using adhesives as opposed to the more traditional methods of joining, but 
there are also factors which need to be considered if an adhesive bonding system is to be 
adopted. Some of these advantages and considerations are outlined briefly below. 
Advantages:
• Adhesives provide a continuous bond which avoids the local stress concentrations 
associated with some other joining techniques such as spot welding, bolts and rivets;
• The even stress distribution in an adhesive joint provided by the continuous bond leads 
to an improved fatigue resistance in the bonded component;
• Adhesive bonding does not require the localised high temperatures associated with 
welding, so materials which are sensitive to heat can be joined without distortion;
• A continuous adhesive bond acts as a seal, thus the joint will be less prone to corrosion;
• Dissimilar materials can be bonded, e.g. metals, composites, woods, etc.;
• Bonded structures are generally stiffer as the bond is continuous; alternatively, the 
weight of a structure may be reduced whilst maintaining its required stiffness - i.e. the 
stiffness-to-weight ratio is improved;
• Adhesively bonded structures are more aesthetically pleasing as there will be fewer or 
no fastenings visible;
• Adhesive bonds have good damping properties which may help to reduce sound or 
vibration.
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Considerations:
• Joint design:- A mechanical or welded joint cannot simply be replaced directly by an 
adhesive joint. Compression and shear are the ideal methods of loading for bonded 
joints; adhesives generally do not perform well in cleavage or peel and therefore, for 
maximum strength, these should be designed out of the joint where possible. The 
length of a joint overlap, rigidity of the adherends and thickness of the adhesive layer all 
have a profound effect on the performance of the bonded assembly.
• Adhesive material properties:- In order for adhesives to be used as engineering materials 
their basic properties need to be known - e.g. Ultimate Tensile Strength (UTS), 
Young's Modulus, and yield stress. For many structural adhesives this information is 
not available and the properties within a joint will be highly dependent on those of the 
components to be bonded as well as on the design of the joint.
• Surface preparation:- Some materials are more difficult to bond than others and usually 
some form of pretreatment will be necessary. The extent of the pretreatment will depend 
on the materials being bonded, their initial surface condition and the joint performance 
required.
• Environmental and long term effects:- The most obvious factor limiting the use of 
adhesive joints is temperature. Structural adhesives such as epoxies, acrylics and 
polyurethanes are polymers and as such are best suited to temperatures ranging between 
20 and 120°C. Clearly the basic mechanical properties of the adhesives will change with 
increasing temperature, and thus the stress distribution along an adhesive layer will also 
change. As purely bulk materials the temperature limitations are relatively well 
understood, but the stress distributions, and changes in them over time, within a 
bonded joint require greater understanding and quantification. Creep involves the time 
dependent deformation and fracture of materials. The effects are increased by an 
increase in applied stress or temperature. Kraus [1980] described it as "the most general 
type of material behaviour". In order for adhesives to be used successfully as 
engineering materials a knowledge of strain behaviour and time dependency are 
essential for correct design to provide strong and durable systems.
1 .2  Project Aims and Procedures
The Literature Review carried out at the start of this project (Chapter 2) highlighted a lack of 
validated research on the predicted creep behaviour of bonded joints. Therefore, the 
objectives of this project were to expand on the current understanding and knowledge of the 
creep behaviour of adhesive joints via experimental tests on two selected adhesives, 
followed by development of a material model for use in Finite Element Analyses (FEA) of 
adhesive joints. In summary, the objectives were:
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• To assess current knowledge on the creep behaviour of adhesives, both in terms of 
experimental findings and the development of models enabling predictions of time 
dependent behaviour of adhesive joints to be made;
• To obtain experimental data for the bulk behaviour (quasi-static and creep) of the two 
adhesives investigated to enable material models to be developed;
• To obtain experimental data for two types of joint configurations of the two adhesives 
(under long term loading conditions), to assess the joint behaviour in terms of time and 
strain to failure, observe any failure mechanisms, and provide data sets for validation of 
Finite Element (FE) analyses;
• To develop an adhesive material model to be used in FE analyses of the adhesive joints 
investigated, with the aim of enabling long term predictions of adhesive joints to be 
made.
The two adhesives investigated were AVI 19 and F241. AVI 19 is a rubber toughened, 
filled, one part, hot cured epoxy. F241 is a toughened acrylic adhesive which is used in 
conjunction with an initiator to give a rapid room temperature curing system. Tests were 
carried out on bulk specimens of both adhesives from which quasi-static tensile properties 
were obtained and also creep compliance information. The two types of joint investigated 
were the TPeel and the Thick Adherend Shear Test (TAST). Tests were carried out in a 
servo electro-mechanical Instron 6025 testing machine and creep tests on joints were 
additionally set up in specially designed self-straining jigs. Specimens were tested at room 
temperature and also at 50°C in order to observe the effects of high temperature on the 
adhesives. Specimens were monitored regularly so that any creep and damage mechanisms 
could be recorded. A material model was developed for F241 from the data obtained. This 
was subsequently used in Finite Element Analyses of TAST and TPeel joints providing 
predictions of long term behaviour of the adhesive and illustrating the stress and strain 
distributions within the joint overlap and how these change over time.
The following chapter gives a brief review of previous work which has been carried out on 
the time dependent behaviour of adhesives, in terms of experimental work on bulk 
adhesives and adhesive joints and methods developed to model this behaviour within 
adhesive systems. Following this, chapter 3 contains background information on the 
experimental procedures adopted, manufacturing techniques and testing methods used 
while chapter 4 summarises the experimental results from the quasi-static and creep testing 
of bulk and joint specimens. Chapter 5 describes the mathematical methodologies used to 
create a material model for F241, describing how the creep model was developed from the 
experimental data, outlining the available models in Abaqus (the FE code used) and the final 
routine which was developed. Chapter 6 details the FE analyses carried out on the two joint
3
INTRODUCTION
types at two load levels; results are compared with experimental data where appropriate. 
Conclusions and recommendations for further work are given in chapter 7.
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2. LITERATURE REVIEW
2 .1  Introduction
The adhesives to be used in the present work are an acrylic (thermoplastic polymer) and an 
epoxy (thermoset polymer). The basic characteristics of these materials are different, 
reflected in their structure. An acrylic exhibits an inherently non-linear material response 
with a high strain to failure, while the epoxy, even when toughened, is relatively brittle. 
Polymers tend to show deformation by creep when the temperature approaches the glass 
transition, Tg, as the material properties change significantly at and around glass transition 
(especially for thermoplastics) [Young & Lovell, 1994]. This will in turn have a significant 
influence on the behaviour of adhesive joints.
The aim of this work is to investigate the creep behaviour of bulk adhesive samples and 
adhesive joints made from each of the aforementioned adhesive types. The data from the 
bulk adhesive creep tests can be used to derive a constitutive model, so enabling predictions 
of the performance of the adhesives in joint form to be made.
The structure of this review is as follows. In the next section there is a general introduction 
to polymers followed by a more detailed look at the creep behaviour observed in bulk 
adhesives and adhesive joints. The general expected creep response is illustrated, and the 
available experimental work on bulk adhesive and adhesive joint performances under 
conditions of creep loading are summarised. Section 2.3 details the work which has been 
carried out to develop constitutive models for the prediction of creep behaviour in adhesive 
systems. Section 2.4 rounds off this chapter with concluding remarks.
2 .2  Creep Behaviour
2 .2 .1  Introduction to Polymers
A polymer is a large molecule formed by the chemical joining together of a large number of 
smaller molecules called monomer units [Arridge, 1975]. In thermoplastics the chain-like 
molecules are held together by relatively weak forces. There are very few, if any, covalent 
bonds between molecular chains, particularly in those polymers with low glass transition 
temperatures (Tg) and thermoplastics can therefore be easily moulded (and re-moulded). 
The primary glass transition corresponds to the onset of chain motion; below Tg the 
polymer chains are held fixed in position. An increase in Tg occurs with increasing chain 
stiffness and increasing forces of molecular attraction. Thermosets differ from 
thermoplastics in that there are covalent cross-links and so the structure of the material 
comprises a three dimensional molecular network in which chain motion is greatly 
restricted. The material cannot usually be softened by heat, and excessive heat application
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will generally cause the material to simply char and degrade rather than to melt [Young & 
Lovell, 1994; Derby, Hills & Ruiz, 1992].
The glass transition temperature of polymers needs careful consideration when choosing a 
material for a particular application because of the effect this has on the mechanical 
properties and the creep behaviour in particular. At temperatures below Tg, thermoplastics 
can exhibit a variety of mechanical behaviours, from very brittle at low temperatures to very 
ductile near Tg. As thermosetting polymers, epoxies consist of large networks of chains 
connected by cross-links and as such cannot change their form. Hence above Tg there 
remain sufficient covalent cross-links to prevent significant viscous flow. Thus, the 
problematic effects of temperature fluctuations are less for epoxies. [Derby, Hills & Ruiz, 
1992].
The mechanical properties of polymers are influenced by a number of variables. Modulus, 
for example, will be dependent on strain, strain rate, pressure and temperature. This is 
because of the viscoelastic nature of polymers, thermoplastics in particular, i.e. over a wide 
temperature range, a given polymeric material will share some of the properties normally 
associated with a solid (elastic response) and some of the properties normally associated 
with a liquid (viscous response). The stress in a viscoelastic material is thus dependent not 
only on strain but also on strain rate, and the physical properties are very temperature- 
dependent, and also time-dependent, i.e. creep (or plastic flow) may occur in the material 
after a certain time under a constant load [Miles, 1994].
A constitutive relationship must be capable of describing time dependent features, some of 
which are illustrated in figure 2.1, where, in the terminology used by the author, p 
represents the stress, e the strain and t the time [Williams, 1973]. For creep, when a stress 
is applied at zero time and held constant, the strain increases with time, but at a decreasing 
rate (figure 2.1(a)). The amount of strain observed at time t increases with increasing 
stress. If, on the other hand, a strain is applied at zero time and held constant, the stress 
decreases with time (figure 2.1(b)). If strain is applied at a constant rate, the result will be a 
non-linear increase of stress with time (figure 2.1(c)); a linear elastic material would give a 
linear stress increase [Williams, 1973].
Once a theoretical constitutive relationship is developed, which accounts for all time 
dependent behaviours, verification through experimental observation is required to ensure 
the quantitative behavioural representation obtained is correct for the material under 
consideration.
6
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Input Response
t  --------------► t
(a) Creep
Response Input
t  --------------► t
(b) Relaxation 
Response Input
t
(c) Constant rate straining
Figure 2.1 Polymer time dependence (elastic response shown as dotted line)
[after Williams, 1973]
The simplest relation between stress and strain is Hooke's Law, relating the force per unit 
cross sectional area to the fractional displacement or strain caused. If the displacements are 
large however, this is no longer applicable due to the material non-linearity of polymers, 
and it may also be invalidated because of time effects [Arridge, 1975]. The commonly used 
test for elastic materials is to measure the modulus and stress-strain behaviour by use of a 
tensile test machine which extends the sample at a constant strain rate. For an elastic 
material the stress-strain response will be the same for all rates of strain, but this is not the 
case for viscoelastic materials which are strain rate dependent as already discussed. The 
types of test which give most information on viscoelastic materials are: 
constant strain (or stress relaxation) 
constant stress (or creep) 
alternating strain (or dynamic fatigue).
2 .2 .2  Bulk Adhesives
Creep and stress rupture tests are carried out in order to characterise the resistance of 
materials to time-dependent deformation and rupture. The temperatures and stresses at 
which these tests are carried out are the key variables. The principle of the test is that a
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constant load is applied to the specimen and either the extension as a function of time or the 
time to failure, or both, are recorded. Creep curves are plots of the strain versus time (at 
constant stress and temperature) and are classically characterised by three stages of primary, 
secondary and tertiary creep, figure 2.2. There is an initial instantaneous response which, 
depending on the magnitude of the stress, could be elastic or elasto-plastic. Generally the 
aforementioned three regimes follow; "primary creep" showing a steadily decreasing strain 
rate, "secondary creep", which occurs at a constant rate and represents the minimum creep 
rate of the system, and "Tertiary creep" showing a rapidly increasing rate of strain due to 
micro structural instability which leads to a gradual increase in stress concentrations at crack 
tips, finally resulting in creep rupture. Different materials show different arrangements of 
the three stages; some having hardly any secondary creep and others having hardly any 
tertiary creep [Kraus, 1980].
Tertiary creep Failure
Secondary creep
Primary creep
• Constant strain rateG
Initial instantaneous strain
Tim e
Figure 2.2 Schematic representation of creep response.
2 .2 .3  Adhesive Joints
Creep rupture is the phenomenon of fracture which occurs some time after the application 
of a constant load. The applied stress is lower than that required to cause fracture under 
quasi-static loading conditions. Few detailed studies have been reported on the creep 
rupture of adhesive joints and even fewer on modelling the data in order to predict the long 
term behaviour of stressed joints from short term data. As reported by Kinloch [1987], 
examinations have been carried out on the concept of an endurance limit for creep rupture 
tests, i.e. a value of the applied stress below which joint failure will not occur [Lewis et al, 
1971, and Wake et al, 1979]. This concept would clearly be of great value to the design 
engineer but there is still much speculation as to whether such a limit does actually exist
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when describing the response of a joint to creep loading. In practice, adhesive joints are 
likely to be exposed to a combination of external stresses, such as static, dynamic or 
intermittent. Also, the surrounding environmental conditions, such as temperature and 
humidity, will often fluctuate. Despite these variable parameters much work has been done 
on the existence of an endurance limit, and in fact Lewis et al [1971] found the ratio of 
endurance limit to short term lap shear strength to be independent of adhesive modulus, 
environmental temperature and sample geometry. Short-term tests on lap-shear joints of 
five different structural adhesives were carried out, varying overlap length and adherend 
width and testing at two temperatures, using an accelerated testing technique developed by 
Prot [1948]. Their results led to the conclusion that, for design purposes, the endurance 
limit may be assumed equal to 25% of the short term joint strength.
Allen and Shanahan [1976] carried out creep studies on adhesive lap-shear joints which 
were loaded at various temperatures. The two adhesives which they studied were a phenolic 
resin/polyvinyl composite (Redux 775) and a modified epoxy (Redux BSL906). Their 
results demonstrated a delay period, i.e. a time after application of load before creep 
commenced, which was found to be temperature and load dependent. The delay period 
decreased with increasing load and temperature. Following the delay period, there was a 
region in which the creep strain was linear with respect to logarithmic time. An accelerated 
creep rate was then observed shortly prior to stress rupture (figure 2.3). The relationship 
between the logarithm of the shear creep strain rate at time to and the applied load was 
found to be approximately linear, provided that the load is above the minimum required to 
cause creep. The results reported by Allen and Shanahan [1976] suggest that the creep 
becomes catastrophic and runs into stress rupture after the percentage shear strain reaches a 
critical value which is largely independent of load and time.
Allen and Shanahan [1976] suggested that the high stress concentrations found at the ends 
of the overlap in joints become much reduced as creep progresses. The creep behaviour 
modifies the complex stress distributions, such that as the stress causes the creep, so the 
creep alters the stress. The maximum shear stress within the adhesive layer occurs at the 
ends of the overlap, but these peak values were found to reduce over time (with creep) and 
so the stress distribution becomes more even.
Allen and Shanahan [1976] found that for joints with longer overlaps or thinner bondlines 
the stress concentrations were higher but reduced more quickly. Thus, if creep is a 
consideration in a particular adhesive joint system, it is likely to be advantageous to increase 
the length of the overlap. They concluded that creep curves obtained from lap joints will not 
correspond directly to bulk creep experiments under similar conditions because of the effect 
that creep has in reducing the stress concentrations found at the ends of the overlap. Their
9
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work suggests that the stress distribution remains virtually constant during the delay period 
and is only modified once creeping begins. They suggested further that primary chemical 
bonds are broken during the delay time so that some critical loosening of the network 
structure is necessary before creep can occur.
Stress rupture
CD Essentially logarithmic creep
G ra d ie n t ,  k  =  y / l n ( t / t o )
Log Tim e
Figure 2.3 Schematic representation of creep vs. time for a lap joint, 
[after Allen & Shanahan, 1976]
Hahn [1961], who also observed a delay period prior to the onset of creep, suggested that 
the delay time was a consequence of changing stress concentrations, and that creep would 
only begin after a more even stress distribution in the adhesive layer was achieved. Both 
studies agree however, that during creep of joints, stress concentrations are continually 
being reduced.
2 .3  Constitutive Models
2 .3 .1  Introduction
To enable failure predictions to be made for adhesive joints which behave in a rate- 
dependent manner, constitutive models are required which describe the time dependent 
response of the adhesive to an applied loading. A criterion for failure is also needed.
When a creep load is applied to an adhesive joint the resulting situation is complex because 
there will be a non-uniform distribution of stress, as already discussed. As described by 
Crocombe and Kinloch [1994] the general approach to determine the resultant behaviour of 
a joint is to define initially the behaviour of the bulk adhesive and then to use this in 
conjunction with a stress analysis to determine the time dependent distributions of stress
10
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and strain within a joint. Even though great care may be taken to cure the adhesive 
identically for both bulk adhesive samples and adhesive joints, Rochefort et al [1983] 
believe that in general the thin film adhesive shear properties cannot be directly related to the 
bulk tensile properties. They believe that the shear modulus of the adhesive is required in 
addition to the Young's modulus. However, a common practice in the past has been to use 
the bulk mechanical properties of adhesives for the analysis and design of bonded joints 
and some of the different techniques used currently to model the behaviour of polymers and 
adhesives are summarised below. Much of the information given has been drawn from the 
review by Crocombe and Kinloch "Review of Adhesive Bond Failure Criteria" [1994].
2 .3 .2  Models
2 .3 .2 .1  Isochronous Behaviour
One of the simplest forms of constitutive equations is obtained from assuming a unique 
relationship exists between stress, strain and time. This can be described by a three 
dimensional stress-strain-time surface which is unique for a given material [Williams, 
1973].
If sections are drawn through the surface at constant stress levels creep curves are obtained; 
similarly, sections at constant strain give relaxation curves. The final plot is the 
isochronous, or constant time curve, as illustrated in figure 2.4 [Williams, 1973].
Pi P2 P3P4 
Isochronous Curve
t
Relaxation Curve
Figure 2.4 Creep curves, relaxation curves and isochronous curves for a specific material
[after Williams, 1973]
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Botha [1983] used this method to model the strain distribution in a thick adherend shear 
specimen, obtaining the appropriate isochronous curves from bulk tensile creep tests. 
Althof [1981] determined the creep and relaxation behaviour of the adhesive FM73 in shear; 
Crocombe [1994] subsequently used this bulk adhesive data to model the time dependent 
behaviour of single lap joints made from the same adhesive.
Isochronous curves give the stress-strain relationship corresponding to a given time; thus 
where there is a continuously increasing or constant loading system a reasonable 
representation of the behaviour is obtained. If recovery is considered, however, the method 
becomes invalid - for example, if the stress is removed completely at time t0 the 
isochronous stress / strain curves require that the strain also becomes zero at this time. This 
is clearly not the case with polymers which exhibit a delayed recovery, thus the curve can 
only be used in a conventional time-independent elastoplastic stress analysis.
2 .3 .2 .2  Explicit Strain Rate Dependent Models
Explicit strain rate dependent models are concerned with the response of a material to 
loading at a constant strain rate. As reported by Crocombe and Kinloch [1994], it is 
generally found that the level of stress which can be sustained by polymers will increase 
when the strain rate is increased, but that the rupture strain will reduce. A formula for 
strain-rate dependent rupture (and yield stress) for polymers has been derived by Ludwik 
[Sancaktar, 1984] and has been used by Crocombe [1994] for an epoxy adhesive to derive 
an empirical model for the stress / strain behaviour. The model was used in conjunction 
with a non-linear finite element stress analysis to determine an average strain rate for the 
plastic zone present in the joints tested. Xu et al [1994] also used this approach to look at 
the rate-dependent behaviour of an adhesive tested at various frequencies under cyclic 
loading. In both of the aforementioned cases the material behaviour was characterised by an 
averaged stress / strain behaviour, i.e. independent of strain rate. However, the strain rate 
at any particular point in a joint will vary, so an improvement could be achieved by 
considering a different stress / strain response for different zones within the system. This 
assumes the strain rate at a given point does not vary significantly over time, thus this type 
of approach is restricted by the fact that it is likely to be only applicable for joints loaded at a 
constant rate of strain, and not for other types of loading.
2 .3 .2 .3  Linear Viscoelastic Models
Linear behaviour is based on the assumption that the ratio of stress to strain for any history 
is a function of time only. The term viscoelastic describes the time dependent behaviour as 
being a combination of elastic and viscous effects. There are various models to describe 
linear viscoelastic behaviour and these are based on different combinations of two elements, 
namely:
12
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- a linear spring, which provides the elastic component of the material, and
- a dashpot, which provides the viscosity.
Two well known simple models are the Maxwell and Voigt models. Full descriptions of 
these can be found, for example, in Williams [1973]; they will be outlined here. In the 
former the spring and viscous elements are in series, in the latter they are in parallel (figures 
2.5(a) & (b)). The spring is assumed to obey Hooke's Law and the dashpot Newtonian 
(linear) viscosity.
(a) Maxwell Model (b) Voigt Model (c) 4-parameter Model
(as used by Althof)
Figure 2.5 Linear Viscoelastic Models
The Maxwell model describes relaxation but not creep, and the Voigt model describes creep 
but not relaxation. Their deficiencies can be overcome by combining them or putting the 
Voigt models in series (Voigt-Kelvin) or the Maxwell models in parallel (Maxwell- 
Weichert). These can be solved for creep or relaxation respectively, yielding the following 
results, as quoted by Crocombe and Kinloch [1994]:
Creep compliance:
c(o = — = Xc,a-«-i)
Relaxation modulus:
E(f):=^P = X£,e-i
where the creep compliance is the ratio of total strain (time dependent) to the applied stress 
(constant), t is the total time, T is the time response and is the ratio of the viscosity to the 
modulus, £ is the strain and a  is the stress.
Provided the required constants can be determined, there are a number of finite element 
packages, such as ANSYS and ABAQUS, which will allow viscoelastic material properties 
of this form to be specified.
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There are many polymers for which a good linear fit is obtained when the strain in a creep 
test is plotted against the time on a log-log basis. The creep compliance can then be 
represented as a power law:
where A and n are constants.
Althof [1981] carried out tests on FM73, looking at creep, recovery and relaxation 
behaviour of thick adherend shear joints. He compared a power law representation with a 
four parameter model (figure 2.5 (c)) and found that a power law form gave good 
correlation for creep and recovery provided different constants were used and that the shear 
stress was not higher than 25N/mm2. The four parameter model gave a reasonable fit to the 
time dependent creep shear strain only for long time durations (t > lOOOh), and was not 
applicable to relaxation.
Specific forms of loading, e.g. creep or relaxation, have so far been considered when 
determining creep compliance C(t) and relaxation modulus E(t). Superposition principles 
allow the strain resulting from a known stress history (or stress resulting from a known 
strain history) to be obtained from a time integration involving the creep compliance (or the 
relaxation modulus) [Crocombe and Kinloch, 1994]:
where, t is the total time, T is the time variable, £ is the strain and a  is the stress.
Problems which may arise from these linear viscoelastic models are that the constants 
derived for one form of loading cannot usually be used to predict the behaviour under 
another form of loading. Also, the behaviour may become non-linear even at low levels of 
stress, i.e. creep compliance varies with applied stress, thus the same constants cannot be 
used even when considering the same form of loading. Crocombe and Kinloch [1994] 
reported that the power law representation seems to give a better fit than a simple spring- 
dashpot model.
2 .3 .2 .4  Non-linear Viscoelastic Models
Engineering stress analysis requires a workable theory which gives reasonable 
representation of non-linear effects as many adhesives cannot be defined using linear 
viscoelastic models. To obtain non-linear viscoelastic behaviour a non-linear integral is
C(0 =
8(/)
=  At"
dx
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necessary. The most common form is given below and is that of Schapery [1965]. It can be 
seen to be an extension of the linear superposition given above.
where fo ,f[  andj2 are stress dependent material functions, and Co and C(\|/-\j/') are the 
initial and transient components of the linear creep compliance.
Peretz et al [1982] carried out bulk tests on FM73 and evaluated the stress dependent terms 
in the integral. The theoretical predictions were shown to give good correlation to the 
experimental results for varying loads in a fixed controlled environment. Reddy et al [1987] 
used this model within the finite element code NOVA to analyse two stage creep, ramped 
stress and temperature, as well as creep and recovery. Excellent correlation with 
experimental data was obtained. This model has, however, only been used where the stress 
history is known, i.e. not for relaxation or ramped strain input.
Another approach to non-linear viscoelasticity is in the form of a non-linear power law:
where yo andj" are functions of the stress.
Rochefort [1983] has shown that this can be made equivalent to Schapery's integral 
evaluated for creep loading.
2 .3 .2 .5  Viscoplasticity
The most simple method of implementing viscoplasticity is via the creep models which are 
available in most Finite Element codes, e.g. ANSYS and ABAQUS, and generally take the 
form:
These material models are relatively easy to use but are only applicable to constant loading 
situations where the adhesive within a joint is subjected to a state of creep. Su et al [1992] 
used this approach to analyse thick adherend shear joints subjected to creep loading. 
Experimental tests were carried out on beam specimens of two adhesives and they wrote 
their own FEA code using trilinear fits rather than power law fits. The creep compliance 
was assumed to be independent of stress, contrary to experimental results, and the analysis 
results, which showed stress and strain variations along the bondlength with time for thick 
adherend shear test (TAST) specimens, were not validated. Groth [1990] assumed only
o
Y«> =  Yo +f i n
-j- = f (o , e , t ,T )  
dt
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shear stresses to occur in the adhesive layer and developed his own code accordingly based 
on FEA principles. He presented various results illustrating re-distributions of stress and 
strain but again no validation of the model was given.
Kitagawa et al [1989] adapted a metals technique proposed by Krempl [1979] known as the 
"viscoplasticity based on over-stress" (vbo) model, and showed it to be applicable to 
polypropylene for all tests provided there is no strain reduction. The results from the model 
were validated against experimental tests for constant strain rates, step constant strain rates, 
creep and stress relaxation; excellent correlation was shown. The work was based on a 
non-linear three element model and the approach is not thought to have yet been used to 
model adhesive joints [Crocombe and Kinloch, 1994].
2 .3 .3  Assessment of Models
Of the models discussed, the best approach is considered to be to develop a non-linear 
viscoelastic or viscoplastic model. Limitations of the models described are summarised 
below.
• Isochronous models and explicit strain rate dependent models are limited in terms of the 
types of loading for which they are applicable; the former become invalid if recovery is 
to be considered; the latter is only likely to be applicable to systems loaded at constant 
strain rates.
• Linear viscoelastic models are generally only applicable to systems subjected to low 
levels of stress or strain; at higher levels the behaviour of polymers generally becomes 
non-linear. Also, the equation constants derived for one type of loading cannot usually 
be used for another loading system. Of the linear viscoelastic models described in this 
review, it is considered from the available experimental data, that the power law 
representation gives the better f it .
• Non-linear viscoelastic models have been shown to give excellent correlation with 
experimental data for systems where the stress history is known.
• Viscoplastic models have been investigated by a number of authors but few have 
validated with experimental results and the simplest method used is only applicable to 
systems under constant loading. The most promising results from using viscoplasticity 
were that of Kitagawa [1989] who showed an excellent fit to experimental data for 
constant strain rates, step constant strain rates, creep and stress relaxation.
2 .4  Concluding Remarks:
Much experimental work has been carried out to study the effects of creep on polymer 
systems, but relatively little work exists on failure criteria for such systems. Often it is the 
predictions of displacement or load with respect to time in the primary and secondary
16
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phases of creep which have been investigated rather than the actual point of failure itself. 
Failure prediction of joints subjected to sustained loading is thus still at a preliminary stage.
The general approach to model the behaviour when a creep load is applied to an adhesive 
joint, is to define initially the behaviour of the bulk adhesive and then to use this in 
conjunction with a stress analysis to determine time dependent distributions of stress and 
strain within the joint. These may give quantitative information on the behaviour of the 
joint, but without a valid failure criterion, accurate predictions on joint life spans cannot be 
made.
The following points show the main conclusions of this Literature Review, summarising 
general observations made and results obtained from past works on modelling the creep 
behaviour of polymer systems.
• A delay period, i.e. time after load application before creep commences, has been 
reported by many researchers investigating the creep behaviour of adhesive joints, and 
it is considered to be temperature and load dependent.
• Work has also been carried out investigating the existence of an endurance limit, i.e. a 
load below which creep rupture will not occur; contrary to the delay period, Lewis et al 
[1971] found this limit to be independent of environmental temperature.
• It is suggested by Allen & Shanahan [1976] that if creep is expected in a particular 
application, it is advantageous to increase the length of the overlap as the peak stress 
concentrations are found to decrease more rapidly for longer overlaps (and thinner 
bondlines) resulting in an even stress distribution being attained more quickly.
• Bulk creep curves are not directly applicable to adhesive joints because the stress 
distribution within a joint modifies with time.
• The time to failure under creep loading seems to decrease exponentially with applied 
creep stress.
• Some evidence suggests that the strain reaches a critical value, resulting in failure - 
independent of load and time.
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3. EXPERIMENTAL TECHNIQUES
3 .1  Introduction
Bulk and joint specimens of the two adhesives under investigation were tested initially 
under quasi-static loading conditions and then under creep loading, at room temperature and 
at 50°C. Some specimens were manufactured at the University of Surrey and others were 
manufactured at various organisations which have also been involved in the research 
program of which this project is a part. Details of specimen geometries and the 
manufacturing techniques are given in this chapter along with a description of the testing 
methods adopted.
3 .2  Manufacture of Bulk Tensile Specimens
Bulk plates of the acrylic adhesive F241, of nominal thickness 2.5mm, were manufactured 
at The Welding Institute (TWI). These were cured for one week at room temperature and 
post cured at 100°C for one hour. They were cut on a CNC machine into flat tensile 
specimens, of shape shown in figure 3.1, with a nominal gauge length cross-section of 
2.5mm x 7.5mm. The specimens were stored in a desiccator prior to testing. Testing was 
not carried out until several months after curing; approximate times between post cure and 
testing are given in chapter 4.
Bulk tensile specimens of AVI 19, shown in figure 3.2, were made in-house using closed 
steel and aluminium moulds (illustrated in Appendix A). The dimensions of the specimens 
are based on BS2782 part IH, which describes tests for determining the short term tensile 
properties of a range of plastic materials. The moulds were coated in a release agent 
(ROCOL MRS) and heated to around 50°C before vacuum stirred adhesive was injected 
into them using a pneumatic dispensing unit (Appendix A). The aluminium moulds were 
sealed with a heat resistant polyimide tape and the adhesive was injected into one end. The 
steel moulds were completely sealed apart from two holes in the top plate, one for injection
135
R60
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Parallel portion = 50
Thickness = 2.5mm
(All units in mm)
Figure 3.1 Bulk Tensile Specimen - F241
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of the adhesive and the other for evacuation of the air from inside the mould during filling. 
The adhesive was cured for 2 hours at 120°C, and then allowed to cool slowly to room 
temperature before being stored in a desiccator until tested. Approximate times between 
cure and testing are given in chapter 4.
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Figure 3.2 Bulk Tensile Specimen - AVI 19
Problems were encountered with this adhesive in that voiding was often present in the 
specimens, and edge defects were present along the parallel sides. These features often led 
to premature failure in subsequent mechanical testing. Heating of the adhesive at 40°C for 
20 minutes prior to injection into the moulds reduced this effect but voids were still present 
in a large number of the specimens produced. In a further attempt to reduce this voiding a 
few specimens were made with adhesive which had been centrifuged at 4000rpm for 5 
minutes. This seemed to improve specimen quality and the tensile test results were still 
comparable to non-centrifuged specimens, but with a larger strain to failure being reached. 
It is suggested therefore that this process does not greatly affect the material characteristics, 
although this would require further investigation.
3 .3  Manufacture of Adhesive Joints
3 .3 .1  Range of geometries investigated
Two types of joint were considered for this project. These were the TPeel specimen (figure 
3.3) and the TAST specimen (Thick Adherend Shear Test). Initially thin TAST joints were 
manufactured using both adhesives, thin in that the adherends were nominally 2mm wide 
(figure 3.4). Following these tests the adhesive F241 was also tested in the form of thick 
TAST joints, with 9.5mm wide adherends, to assess whether more consistent failure loads 
could be achieved with this larger geometry (figure 3.5). Thin TAST joints were used to 
enable testing to be carried out either in purpose built self-straining jigs (as detailed in 
section 3.4) or in-situ on a straining stage in the scanning electron microscope, allowing 
detailed observations of any failure mechanisms to be made [Le Page, 1994]. For clarity,
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Figure 3.3 TPeel Joint
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* 1.6mm for 'sa' TASTs (manufactured at Surrey)
2.0mm for'd' TASTs (manufactured at AEA, Harwell)
Figure 3.4 Thin TAST Joint (TAST I)
T1
ba
v
\
k j  \
a= 12.4mm 
b=6.1mm 
Bl= 120mm 
Tl=102.5mm
B1
Adherend width=9.475mm 
nominal overlap=12.5mm 
nominal bondline thickness=0.2mm
Figure 3.5 Thick TAST Joint (TAST II)
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thin TAST joints shall be referred to as TAST I type joints and thick TAST as TAST II type 
joints.
Table 3.1 summarises the joints made from each adhesive and the manufacturer. The 
following sections outline the manufacturing techniques for each joint type considered, with 
a more detailed description given for the joints manufactured at The University of Surrey. 
All joints were polished prior to testing to remove any excess adhesive and enable any 
damage mechanisms during testing to be observed more easily.
Table 3.1 Summary of Manufacturers of each joint type.
Joint Type Adhesive Adherend width 
(mm)
Manufactured by
TPeel F241 4 AEA, Harwell
TPeel AVI 19 4 AEA, Harwell
TAST I F241 2 AEA, Harwell
TAST I
(prefixed 'sa')
AVI 19 1.6 University of 
Surrey
TAST I 
(Prefixed'd')
AVI 19 2 AEA, Harwell
TAST II F241 9.5 University of 
Surrey
3 .3 .2  Manufacture of TPeel specimens
All TPeel samples were manufactured at AEA, Harwell. Prior to bonding, the substrates 
were degreased in inhibisol then bead blasted; a self-indicating primer (silane based, as 
supplied in the kit with F241 adhesive) was used to pre-treat ah TPeel substrates. F241 
TPeels were bonded using initiator no.l and were cured at room temperature for one week 
with no post-cure. AVI 19 TPeels were cured at 120°C for 2 hours. The joints were made 
by bonding the long sides of two 2mm thick plates of mild steel, which had been bent into a 
right angle with a 6mm internal radius. This was cut after bonding to give several TPeel 
specimens per batch. The fillet sizes (illustrated in figure 3.3) could not be controlled for 
the F241 TPeels due to the nature of the adhesive, therefore the bondline thickness was the 
only parameter varied systematically for this joint. For AVI 19 TPeels the bondline 
thickness and fillet size were varied. The fillet size for TPeels is defined as the percentage 
of the length from the end of the parallel section to the front edge of the joint to which the 
adhesive layer extends, i.e. for 0% the adhesive layer ends where the parallel section ends, 
for 100% fillet the adhesive extends to become flush with the front surface of the joint.
3.3 .3  Manufacture of thin TAST specimens (TAST I)
All TAST I specimens were made using steel substrates. All F241 TAST I joints were 
manufactured at AEA, Harwell. Substrate preparation, bonding and cure schedules were as
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for the F241 TPeel specimens. Only one parameter was varied for F241 thin TAST joints, 
this being the overlap length.
Of the TAST I joints made from AV119, those with the long overlap length (12.5mm) were 
manufactured at AEA, while 6mm overlap joints of this adhesive were made at Surrey. For 
the former joints, the substrate preparation was as for all previously detailed joints 
manufactured at AEA, and the cure schedule was as for AVI 19 TPeels, i.e. 120°C for 2 
hours.
The surface preparation and bonding procedures for all AVI 19 TAST I joints manufactured 
at Surrey were as follows. Initially the adherends were degreased in inhibisol in a sonic 
bath for approximately 20 minutes. They were then bead blasted with Safti-grain 60-80 and 
degreased briefly again to remove any loose particles. The joints were manufactured using 
small purpose built jigs, shown in figure 3.6 and Appendix B. After cleaning the bonding 
surfaces of the adherends they were pre-treated with silane solution (1 pt. silane: 100 pts. 
distilled water, left for one hour to polymerise). The adherends were suspended in the 
solution for 4 minutes and then left to drain for a few minutes before being transferred to an 
oven and dried off at 40°C for approximately 20 minutes. To bond the joints one adherend 
is placed in the jig and a bead of adhesive applied to the other; the two bonding surfaces are 
brought together as the second adherend is placed in the jig. The bondlength is controlled 
by a spacer and the bondline thickness is controlled by the specimen geometry. Joints were 
made up in batches of 10 and were cured at 120°C for 2 hours. They were left to cool 
slowly to room temperature before being placed in a desiccator to reduce water uptake 
before testing took place. The variable parameters for the AVI 19 TAST I joints were the 
bondline thickness and overlap length.
Figure 3.6 Bonding of TAST I Joints
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3.3 .4  Manufacture of thick TAST specimens (TAST II)
TAST II joints made from F241 were manufactured at The University of Surrey using a 
larger purpose built jig (detailed drawings can be found in Appendix B). The adherends for 
these joints were NOT pre-treated with silane solution. This was because the information 
given in the Permabond data sheet (Appendix N) on the pre-treatment of joints bonded with 
F241 suggests that initial shear strength is in fact lower for joints which have been treated 
with the primer; the beneficial effects of using the primer come with ageing of the 
specimens. . As these specimens were to be manufactured and tested within a relatively short 
time period it was considered that no benefit would be gained from using silane to pre-treat 
the substrates.
The adherends were degreased and bead blasted as for the TAST I joints manufactured at 
Surrey. To bond, one adherend is placed in the jig as shown in figure 3.7, and a thin layer 
of initiator no. 1 is applied to the bonding area; adhesive is applied to the second substrate 
which is slotted onto the pin at the other end of the jig and swung around to bring the two 
bonding surfaces together. Joint overlap is controlled by the jig and bondline thickness by 
the substrate geometry. The joint is held firmly together for about a minute and then left for 
a further five before being removed from the jig and transferred to a stand where all joints 
were left to cure at room temperature for 24 hours. Joints were made in batches of 4 and 
were all post cured at 100°C for 1 hour with the aim of ensuring that the adhesive was cured 
throughout the bondline prior to testing to give consistent joint strengths. The joints were 
left in the oven to cool down slowly to room temperature before being placed in a desiccator 
to minimise water uptake from the atmosphere prior to testing.
d rZtL
Initiator
Adhesive
Figure 3.7 Bonding of TAST II Joints
3 .3 .5  Concluding comments on adhesive joint quality
The bondlines of F241 TAST I joints were often uneven and in many cases the adherends 
were not flush, so a large amount of scatter in failure strengths resulted in subsequent 
testing. The TAST II joints of F241 initially appeared to be of a better quality than the 
TAST I joints but subsequent testing showed many to have insufficient adhesive at the
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edges of the joints thus again resulting in large degrees of scatter. Fewer problems were 
encountered with AVI 19 TAST I joints although variations in bondline thickness did exist 
and noticeable variations in joint strength were still apparent. All TPeel specimens had 
uneven bondlines along the length of the joint causing similar variability in the quasi-static 
failure loads (discussed in chapter 4). Measured bondline thickness and overlap length data 
for all joints tested are given in Appendix C.
In conclusion, joint quality varied considerably, those bonded with F241 causing the 
greater difficulty. Joints were made at several locations so manufacturing techniques / 
environments were not consistent and variations in joint quality resulted. The scatter within 
individual batches was found to be somewhat less, so joint strengths are estimated as the 
mean within a group of joints of the same nominal configuration, manufactured and tested 
at the same location. Tables of results from quasi-static testing carried out in the preliminary 
phase of this work are given in Appendix D. A summary of these tests and details of any 
additional static tests which were carried out are given in chapter 4.
3 .4  Testing Methods
Joint specimens of both adhesives were subjected to mechanical load by one of two 
methods: either in a servo electro-mechanical Instron 6025 testing machine, using a 
temperature cabinet for tests requiring a controlled temperature; or in self-straining jigs 
which had been designed especially for long term static loading of small joints. All bulk 
tensile specimens were tested in the Instron 6025.
3.4 .1  Instron 6025
Bulk tensile specimens were loaded in the Instron quasi-statically at a constant strain rate. It 
was necessary to determine gain values for each adhesive dependent on their compliance, as 
these control the rate of cross-head movement to maintain the specified strain rate via a 
feedback loop system. Strain was monitored using Instron extensometers. For bulk creep 
tests, specimens were loaded up to the required creep load at a constant cross-head speed, 
and this load was maintained using the HOLD command on the test machine, specifying a 
small cross-head speed to compensate for any stress relaxation. Specific strain rates and 
cross-head speeds are given in chapter 4. Throughout the tests strain, cross-head position 
and load data were logged using a Labview data logging program running on a Macintosh 
computer interfaced with the Instron.
Joint specimens tested quasi-statically in the Instron were loaded at constant displacement 
rates. For joints tested under long term loading conditions in the Instron the same test 
procedures as for bulk creep tests were used. However, no extensometry was used for joint 
tests so precise strain measurements were not obtained. In order to keep machine utilisation 
for creep tests to a minimum the load applied to joints was increased at regular intervals
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until failure occurred. Therefore, the creep tests carried out on joints in the Instron were 
mainly to provide an indication of the displacement (strain) at failure, the location of failure 
and any associated damage.
Another method of monitoring the strain within the joints was investigated which involved 
sputter coating grid lines across the bondlines of specimens so that as the joints deformed 
the lines would distort. Although this technique provided some qualitative information 
regarding joint deformations, the strains could not be measured accurately due to the 
coarseness of the grids . This is discussed in more detail in section 4.3.2.2.
3 .4 .2  Self-straining jigs
TPeel and TAST I joints of both AVI 19 and F241 were set up in self-straining jigs at 
various percentages of their quasi-static failure loads. The loads were set as outlined in 
section 3.4.2.1 below. The humidity of the surrounding environment was maintained by 
placing the specimens in airtight storage containers with silica gel. The temperature was 
monitored using a thermometer and was found to vary between 18 and 23°C. Elevated 
temperature tests were loaded up in a temperature chamber at 50°C and stored in an oven 
maintained at this temperature. The joints were monitored and inspected regularly; 
displacement measurements were taken from the end nut depth position (see below, figure 
3.8 and Appendix E) and any signs of damage were noted. Times to failure were recorded 
for those joints that failed. The load levels on some of the joints in jigs were checked to 
ensure that the tests had been set up correctly. Individual notes for each test detailing when, 
if any, damage was first observed and any load checks which were carried out are given in 
Appendix E.
3.4.2.1 Jig Operation
Loading up: Jigs were loaded up in the Instron 6025 in a specially designed loading jig,
see figure 3.9. The design drawings for this can be found in Appendix F. The spring in the 
self-straining jig is pre-loaded (load Fs), by tightening the end nut (figure 3.8) before being 
attached to the loading jig which is in turn placed in the Instron and fixed to the lower 
cross-head. It is important that the springs are pre-loaded as there is limited space within the 
jigs for movement of the upper clevis during loading. The degree of pre-load necessary will 
depend upon the spring used and the load level required, as these parameters will determine 
how far the spring must compress to supply this level of load. The springs used in the jigs 
are detailed in the table below and in figure 3.10.
Spring type Spring stiffness 
(N/mm)
K1 85.7
K2 53.0
K3 17.2
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|F2
Bolt
N2
Upper clevis
Lower clevis
Fs = Kx
Nut depth
End nut
Figure 3.8 Schematic of self-straining creep jig.
(Designed by Alan Maddison.)
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4 holes for 
attaching jig Cut out for TPeel
SECTION
O
O
Fits into lower 
crosshead on 
Instron 6025
O
o
Figure 3.9 Schematic of loading jig.
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. Figure 3.10 Load /  displacement plots for self-straining jig springs.
The initial spring load (Fs) is taken up by reaction Ni, at the lower clevis. The bolt at the 
top of the jig is held in the Instron grip so that as the lower cross-head moves down the jig 
will start moving relative to the specimen; compression of the spring will start when the 
load on the specimen exceeds Nj. The gradient of the load / displacement plot will change 
at this point, and will be approximately equal to the spring stiffness (figure 3.11). A 
dipping of the load at this point is due to friction at the lower clevis when initially pulling 
away from the shoulder (Ni). When the required level of load has been attained the upper 
nut is tightened finger tight against the washer and the jig is removed from the Instron. 
Individual plots of the loading up curves (and subsequent checks) can be found in 
Appendix G.
Loaded state: In the loaded state, reaction N2 will be equal to the force on the spring, 
transmitted through the specimen.
Load check: When the jig is replaced in the loading jig in the Instron and a slow constant
cross-head speed applied (of the order of 0.01mm / minute), the gradient of the load chart 
will change when the nut (reaction N2 ) is lifted off the shoulder (figure 3.12). The load at 
which this occurs will be approximately equal to the load that is held on the specimen. 
Individual plots of the load check curves can be found in Appendix G.
Problems: It was noted that some of the load / position charts showed very non-linear
loading with large gradient changes occurring during the loading up process (figure 3.13). 
This suggests an added component of friction existed in the system, possibly contributed
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0.9 1.00.4 0.5 0.70.3 0.60.1 0.2
Cross-head position (mm)
Figure 3.11 Loading up chart (TAST specimen sa78)
250 239N
200
150
100
50
1.41.20.6 0.80.40.2
Time (mins)
Figure 3.12 Load check chart (specimen SA78 after 33 weeks)
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by the spring or bolt catching against the inside walls of the jig. Also, in a couple of cases 
the pre-load placed on the spring was not exceeded in the loading up process (i.e. the pre­
load was greater than the creep load required), thus the position of the end nut did not 
change during loading up and no strain information could be obtained from its movement. 
It is difficult to check the applied load in this situation and it is likely that the initial load 
applied will drop off quickly as any small movement, caused by straining in the joint, will 
cause a large change in load as indicated by the steeper gradient in the initial part of the 
loading up curve. These tests were re-set several months after initial loading up and the load 
on the specimens before being re-set was estimated from its load check curve (shown in 
Appendix G, joints c22pf and c23pf).
300
.277N
250
200
150
100
0.4 05 0.6
Cross-head position (mm)
0.70.1 0.3 0.90.2
Figure 3.13 Non-linear loading chart (specimen sa84/50°C).
Note: It might be thought that the loading on specimens in the jigs will not remain constant 
due to the specimens creeping, allowing the springs to relax. However, the maximum load 
drop due to specimen strain (taken from the change in depth of the end nut) was calculated 
for each jig test, and was found to be of the order of only a few Newtons (9N in worst 
instance). This may be expected when comparing the compliance of the specimens and 
springs, the former being much smaller than the latter.
3.4.3 Concluding comments on testing methods
A number of testing techniques have been successfully developed. The use of self-straining 
jigs has been investigated thoroughly as these provide useful a means of obtaining long 
term life time data for small joints loaded at various levels of creep stress. Testing in the
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Instron 6025 machine provided some indication of the strain to failure which the various 
joint types could reach, but time limitation on machine utilisation meant that loads on joints 
were generally increased in steps to reduce the time period to failure.
As discussed in later chapters, few time to failure data have been obtained for the joints 
investigated. This was mainly due to the variable quality of joints supplied from external 
sources, rather than the testing methods used.
Despite the difficulties encountered, some data has been obtained for both adhesives in all 
joint types in the form of damage observations, straining under load and a few time to 
failure data, which provided some comparisons for the modelling work detailed in chapters 
5 and 6.
3 .5  Observations and Video Microscopy
In general joints tested in the Instron and in the self-straining jigs were observed at regular 
intervals with a travelling microscope; any signs of damage were noted down and sketches 
made where appropriate. Any feature of particular interest was either photographed or 
recorded on a video which was linked up to the microscope via a CCTV camera. This was 
processed using video-image processing software allowing shots at various stages during 
the life of a joint to be selected and compared.
Microscopic images of some specimens are shown in chapter 4. For the magnification 
calibration details refer to Appendix H. The following guidelines apply : 
at x l.3  - 1mm: 20 intervals on graticule
at x5 - 1mm: 60 intervals on graticule
at xlO - 1mm: 110 intervals on graticule
3.6 Concluding Comments
• Details of manufacture of bulk specimens have been given. Generally AV119 presented 
more difficulties due to voiding being present resulting in premature failure in 
subsequent tests.
• Three types of joint were manufactured using the adhesives AVI 19 and F241. The 
quality of specimens, in particular those which had not been manufactured at The 
University of Surrey, were very variable. F241 proved the more problematic, 
particularly when comparing test results which were obtained from different sites.
• Testing procedures have been outlined, with considerable discussion on the self­
straining jigs. Procedures for loading and load checking are given; loading data for all 
specimens tested in the jigs are provided in Appendices E & G, and most specimens 
were loaded successfully.
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4. EXPERIMENTAL RESULTS
4 .1  Introduction
This chapter describes all the experimental work which was carried out during the course of 
the project giving tabulated results, graphs and detailing any observations made. Initially 
quasi-static tests were carried out on bulk and joint specimens to obtain modulus and 
ultimate tensile strength for both adhesives, and to enable quasi-static strengths of the joints 
to be determined. Long term tests were then set up at various percentages of the measured 
mean quasi-static failure loads of the bulk and joint specimens.
Testing was carried out at room temperature and at 50°C. Where the testing temperature is 
specified as RT (room temperature), a temperature cabinet was not used; where a 
temperature is specified the cabinet was used to maintain this temperature. For the high 
temperature tests the samples were allowed to equilibriate in the temperature cabinet in the 
Instron test machine before testing commenced. All joint specimens were given half an hour 
to equilibriate, as were bulk samples of F241; AVI 19 bulk samples were left for 20 
minutes before testing.
Long term tests were set up on TPeel and TAST I joints, detailed in chapter 3, made from 
both adhesives. Some gaps developed in the test program due to initial problems in 
obtaining consistent quasi-static failure strengths, particularly for F241, resulting in the 
load capacity of some joints being greatly underestimated. Partly in order to fill these gaps 
the TAST II joint (detailed in chapter 3) was introduced, bonded with F241.
4 .2  Quasi-Static Testing
All short term quasi-static testing was carried out in the Instron 6025 machine. For bulk 
tensile specimens, tests were carried out at a constant strain rate; for joint tests the cross­
head was run at a constant displacement rate.
4.2 .1  Bulk Tensile Tests
4 .2 .1 .1  F241 Tensile Tests
Bulk plates of F241 were made at TWI, as described in chapter 3, from which tensile 
specimens were cut. The specimens were not tested until several months after post-curing; 
approximate times between cure and testing are given in Table 4.1 below. Testing was 
carried out in the Instron 6025 at two strain rates : 2%/minute and 0.02%/minute. This 
adhesive is considered to be far more rate and temperature sensitive than AVI 19 and so 
samples were tested at temperatures 5°C either side of a normal room temperature (20°C) in 
addition to tests being carried out at 50°C.
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The table below summarises the bulk tensile tests carried out on F241. Results are given in 
the form of stress / strain curves in figure 4.1.
Table 4.1 Bulk Tensile Tests of F241
Specimen Cross- 
Sectional 
area (mm2)
Months 
between cure 
and test
Test rate 
(%/min.)
Testing 
temp. (°C)
Max. Tensile 
strength 
(MPa)
Max. strain 
(%)
S D lf 2.5 x 7.5 4.5 2 RT (>25) 17.5 10 ->
SD2f 2.5 x 7.5 4.5 2 RT (>25) 19.65 10.7
SD3f 2.5 x 7.5 4.5 2 RT (>25) 18.98 12.4
SD4f 2.5 x 7.5 5.5 2 15 24.37 13.4
SD5f 2.4 x 7.7 5.5 2 25 24.75 30.5
SD8f 2.37 x 7.47 6 2 50 20.67 78.3 ->
SD9f 2.45 x 7.63 6 2 50 22.00 100 ->
SD6f 2.56 x 7.6 6 0.02 20 24.20 52.7 ->
-> Not failed
Note: SD lf-SD 4f were not measured before testing, therefore their cross-sectional areas are taken at the 
nominal value.
25°C 0.02% /m in.; 20°C25.00
50°C
20.00
iRT-
15.00
10.00
5.00
0.00
10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.000.00
% Strain Strain Rate = 2%/min. unless stated otherwise
*KT>25°C
Figure 4.1 Stress /  Strain response for F241.
The specimens were observed to become opaque during testing at strains of between 15 and 
25%. The high temperature tests additionally showed some micro cracking as the strain 
increased above 25% (see figure 4.2).
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■ B R
Figure 4.2 Tensile specimen of F241 (SDf8), showing signs of micro cracking.
Looking at the tests carried out at 2%/minute, the strain to failure for high temperature tests 
was several times greater than similar tests carried out at and around room temperature. The 
test carried out at a strain rate of 0.02%/minute also exhibited greater amounts of strain. 
Thus this adhesive is shown to be rate and temperature sensitive. The elastic modulus of 
F241 at room temperature was calculated from the elastic part of the stress / strain curves 
(figure 4.1) as approximately 800 MPa, and the maximum tensile strength reached was 
25 MPa (at 2%/minute). Due to the low glass transition temperature of this adhesive 
(around 65°C) the modulus at 50°C is difficult to determine as there is little or no elastic 
region to be seen on the stress / strain charts.
4.2.1.2 AV119 Tensile Tests
AV119 specimens were manufactured at The University of Surrey as described in chapter 
3. Specimens were tested at constant strain rates of 0.5%/minute and 1 %/minute and tests 
were carried out at room temperature and at 50°C. Approximate times between cure and 
testing are given in Table 4.2. The differences in the time lapsed should not have any 
significant effect on the results as AV 119 is not believed to age significantly over short time 
periods at room temperature.
The table overleaf summarises details of bulk tensile tests carried out on AVI 19. Results 
are given in the form of stress / strain curves in figure 4.3.
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Table 4.2 Bulk Tensile Tests of AVI 19
Specimen Nominal 
Cross- 
Sectional 
area (mm2)
Days 
between 
cure and test
Test rate Testing 
temp. (°C)
Max.
Tensile
strength
(MPa)
Max. 
strain (%)
T2 2 x  10 21 1%/min. RT 31.6 0.65
T3 2 x  10 21 1%/min. RT 76 4.23
T4 2 x  10 21 0.5%/min. RT 58 2.56
T5 2 x  10 21 0.5%/min. RT 61 2.75
T6 2 x  10 21 0.5%/min. RT 64.5 3.14
T7 2 x  10 21 0.5%/min. RT 53.5 2.28
T8 2 x  10 21 0.5%/min. RT 58 2.56
T9 2 x  10 21 0.5%/min. RT 48.35 1.82
T10 2 x  10 1 0.5%/min. RT 70.2 3.65
T il 2 x  10 1 0.5%/min. RT 69.55 3.42
T12 2 x 1 0 1 0.5%/min. RT 71.45 3.36
T13 (c) 3 x  10 1 0.5%/min. RT 72.73 6.14
Qu.st.50/1 2 x  10 17 0.03mm/min 50 46.7 2.41
Qu.st.50/2 2 x  10 2 0.5%/min. 50 52 3.05
Qu.st.50/3 2 x  10 2 0.5%/min. 50 54.7 3.62
(c) - made from centrifuged adhesive.
80 1%/min. adhesive (T13)Centrifuged
70
60
50°C
50
40
30
20
10
0
7.005.003.00 4.00 6.002.001.000.00
Strain (%)
General strain rate of 0.5%/minute
Figure 4.3 Stress /  Strain response for AVI 19.
Little difference was seen in results from different strain rates and it is considered that 
AVI 19 is not very rate sensitive. Very little damage was observed during testing of bulk 
specimens of AVI 19; failure generally occurred at an edge defect on the specimens. The
36
EXPERIMENTAL RESULTS
higher temperature tests showed some small signs of whitening at the failure surface. The 
maximum load which the specimens sustained before failure varied considerably, premature 
failure generally being due to edge voiding in the samples. The specimen (T13), which was 
made from adhesive which had been centrifuged at 4000rpm for 5 minutes, displayed a 
higher tensile failure strain due to less voiding, reaching a plateau on the stress / strain 
curve. It might appear from the results in table 4.2 that the specimens tested 1 day after cure 
behaved differently to those tested 21 days after cure; the former reaching higher maximum 
tensile strengths and larger strains to failure than the latter. However, this is more likely to 
be due to batch variation, the batch tested 1 day after cure being of better quality with fewer 
voids present.
The elastic modulus of the material at room temperature and at 50°C were calculated from 
the stress / strain data giving the results shown in Table 4.3.
Table 4.3 Modulus and UTS data for AVI 19
Modulus
(MPa)
UTS (MPa)
RT 3000 72.7
50°C 2400 55
4.2.2 Quasi-Static Testing of Joints
In general, the quasi-static strengths of joints tested at room temperature were taken from 
Le Page [1994], For tests carried out at elevated temperature, quasi-static data were 
obtained in the present work, as were all data for the TAST II joints of F241. The 
following section details these additional tests and summarises the previous work, giving a 
mean quasi-static ultimate load from which the required creep loads could be determined. A 
summary table of all the results used to determine the mean quasi-static loads can be found 
in Appendix D.
4 .2 .2 .1  Supplementary quasi-static joint testing at raised temperature
TPeel and TAST I joints of both adhesives were tested at 50°C. All raised temperature 
testing was carried out in the Instron 6025 using a temperature cabinet. Joints were tested at 
cross-head speeds of 0.03 and 0.1 mm/minute. Table 4.4 shows the results obtained from 
high temperature tests of both adhesives for both joint types.
With regard to damage and the locus of failure, the following observations were made.
A V I 19 TAST I:
These joints failed interfacially along the loaded adherend. Cracks were preceded by 
whitening at the comers of the adhesive layer, figure 4.4.
37
EXPERIMENTAL RESULTS
Interfacial cracks, 
preceded by 
whitening
Figure 4.4 AVI 19 TAST I (50°C)
Whitening between two 
intefacial cracks
Figure 4.5 AVI 19 TPeel (50°C)
Voids opened up 
in order shown
Figure 4.6 F241 TPeel (50°C)
Figures 4.4 - 4.6 Damage in joints tested quasi-statically at 50°C.
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Table 4.4 Supplementary quasi-static joint tests at raised temperature:
Specimen Configuration ^ Adhesive Testing 
temp. (°C)
Test rate 
(mm/min.)
Ultimate 
Strength ®
00ato TAST I/0.5/6 AVI 19 50 0.03 35.7
sa82 (s) TAST I/0.5/6 AVI 19 50 0.03 36.5
sa83 (s) TAST I/0.5/6 AVI 19 R T  (control) 0.03 44.2
d222f TAST 1/0.1/12.5 F241 50 0.03 14.4
d224f TASTI/0.1/12.5 F241 50 0.03 13.5
c48p TPeel/0.5/25 AVI 19 50 0.1 56.4
c49p TPeel/0.5/25 AVI 19 50 0.1 35
c53p TPeel/0.5/25 AVI 19 50 0.1 36.5
c30pf TPeel/0.25 F241 50 0.03 30.8
c32pf TPeel/0.25 F241 50 0.03 44
c33pf TPeel/0.25 F241 50 0.1 35.3
d) Joint type /  Bondline thickness /  Overlap length (for TAST joints) or fillet size (for TPeels);
TAST Ultimate Strength given in MPa; TPeel Ultimate Strength given in N/mm.
All joints were manufactured at AEA, Harwell, except those marked by an (s) which were manufactured at 
Surrey.
F241 TAST I:
Little sign of damage was seen in these joints as the bondline was very thin. Cracks were 
however observed shortly before the joints failed but it was not clear whether these were 
cohesive or interfacial.
A V I 19 TPeel:
Whitening of the adhesive was seen to spread in from the fillet followed by an interfacial 
crack which spread along the bondline. Another crack was then seen to develop at the 
opposite interface and the adhesive between the two cracks whitened before the cracks 
joined across the bondline resulting in failure, figure 4.5.
F241 TPeel:
The adhesive whitened before voids opened up cohesively within the adhesive layer. The 
voids joined up and tearing of the adhesive resulted in failure, figure 4.6.
For all joints, except the AVI 19 TPeel, the damage observed in the high temperature testing 
did not differ greatly from the room temperature testing reported by Le Page [1994], but 
generally more whitening was observed before cracks developed. At room temperature the 
AVI 19 TPeels tend to crack initially through the fillet to the interface and then the crack 
runs cohesively down the bondline. Often interfacial cracks formed ahead of the crack tip 
and ran back up the joint to meet the cohesive crack [Le Page, 1994].
The load-displacement plots shown in figures 4.7 and 4.8 indicate that for TAST I 
specimens tested at 50°C, the AVI 19 joints sustain high levels of load over a large 
displacement before failing, whereas the F241 joints fail almost immediately after the peak 
load is reached. In TPeel specimens however, this trend is reversed with the F241
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400
350
AV119
300
250
200
150
100
50
0.70.60.50.40.30.20.1
Cross-head position (mm)
F24.C TASTI/0.1/12.5
AV119: TASTI/0.5/6.0
Figure 4.7 Quasi-static T A S T I: at high temperature (50°C)
250
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100
F241
IV119
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0
6.05.04.03.02.01.00.0
Cross-head position (mm)
F24i: TPeel/0.25
AV119: TPeel/0.5/25
Figure 4.8 Quasi-static TPeel: at high temperature (50°C)
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700
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F241
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400Z LV119T3
o 300
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0.60.4 0.50.2 0.30.10
Cross-head position (mm)
F241 : TAST 1/0.1/12.5
AV119: TASTI/0.5/6.0
Figure 4.9 Quasi-static TAST I: at room temperature (Le Page, 1994)
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250
F241
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AV119
1.0 2.50.5 1.5 2.00
Cross-head position (mm)
F241 : TPeel/0.25
AV119: TPeel/0.5/25
Figure 4.10 Quasi-static TPeel: at room temperature (Le Page, 1994)
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specimens now maintaining a high level of load over a large displacement before failing. 
The TAST results are similar to the room temperature tests reported by Le Page [1994], 
figure 4.9. However, differences in behaviour are evident for the TPeel tests for both 
adhesives (figure 4.10). The point of initial failure, shown by the first peak on the load / 
displacement plots, are similar for the AVI 19 TPeels at both temperatures in that the load 
drops off fairly rapidly. However, at room temperature the load on the AVI 19 TPeel was 
often shown to increase after this inital drop until a second crack suddenly developed 
causing a second load drop. This process sometimes repeated itself with the peak load 
reached becoming lower as the crack length increased. This slip-stick effect was not 
observed for the AVI 19 TPeels tested at 50°C, where the load is shown to drop off 
gradually after the first drop at crack initiation. For the F241 TPeels the effect seems to be 
somewhat reversed with the high temperature specimens sustaining a high level of load 
over several millimeters of cross-head movement after the inital load drop. At room 
temperature usually a more abrupt decrease in load is observed over a short cross-head 
displacement before failure. These differences suggest that both adhesives behave in a more 
brittle manner at room temperature, hence the slip-stick effect with AV119 and a low level 
of strain being sustained by F241.
The difference in strength of the AVI 19 TPeels tested at 50°C (Table 4.4) may be due to 
slight differences in bondline thickness; specimen c49p and c53p were found to have 
significantly thinner bondlines than those nominally specified. This information is detailed 
in Appendix C.
4 .2 .2 .2  Summary of TPeel and TAST I quasi-static tests 
Table 4.5 gives the average ultimate strength values for each test type, in MPa for TAST 
specimens and N/mm for TPeels, showing the degree of scatter in each case. For those 
configurations which were tested by two organisations both sets of results are reported. 
The data in this table were obtained from the tables in Appendix D.
The percentage loadings for the subsequent creep testing were based upon the data given in 
table 4.6. This has been selected from table 4.5 through consideration of the joint 
configurations that were to be creep tested and where they were manufactured and tested. 
Where two testers are given in column 3 the results from both have been averaged for the 
named configuration.
Scatter was particularly pronounced for TPeel specimens and the F241 TAST I specimens 
also showed a fairly large degree of scatter. The mean values in Table 4.6 were used to 
determine the creep load levels for long term tests; hence the loading specified for each 
creep test in section 4.3.2 may be higher or lower than the actual joint strength.
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Table 4.5 Summary of Quasi-Static Results for AVI 19 and F241:
Adhesive Configuration ^ Tester (2* Size of 
batch
Temp.
(°C)
Mean US
(3)
Scatter 
US %
AVI 19 TAST I/0.5/6 ^ LG-Surrey 3 RT 41.8 +2.5 
- 1.6
+5.9 
- 3.87
TAST 1/0.5/12.5 AEA, Harwell 2 RT 43.1 +0.6 
- 0.6
+1.4 
- 1.4
TASTI/1/12.5 AEA, Harwell 2 RT 39.4 +0.6 
- 0.6
+1.6 
- 1.6
TAST I/0.5/6 W LG-Surrey 2 50 36.1 +0.4 
- 0.4
+1.1 
- 1.1
TAST 1/0.5/12.5 AEA, Harwell 3 50 32.5 +1.5 
- 1.9
+4.6 
- 5.8
TPeel/0.5/25 BLP-Surrey 4 RT 72.8 +5.5 
- 6.3
+7.6 
- 8.6
TPeel/0.5/25 AEA, Harwell 4 RT 93.3 +16.8 
- 13.3
+ 18.0 
- 14.2
TPeel/0.5/25 LG-Surrey 3 50 42.6 +13.8 
- 7.6
+32.3 
- 17.9
TPeel/0.5/25 AEA, Harwell 3 50 47 +1.0 
- 1.0
+2.1 
- 2.1
F241 TASTI/0.1/6.25 BLP-Surrey 4 RT 12.2 +7.0 
- 7.8
+57.5 
- 63.4
TAST 1/0.1/6.25 * BLP-Surrey 2 RT 18.6 +0.6 
- 0.6
+3.4 
- 3.4
TASTI/0.1/12.5 AEA, Harwell 5 RT 21.1 +5.1 
- 3.1
+24.3 
- 14.6
TASTI/0.1/12.5 LG-Surrey 2 50 14.0 +0.4 
- 0.4
+2.9 
- 3.2
TASTI/0.1/12.5 AEA, Harwell 2 50 15.8 +2.0 
- 2.0
+12.9 
- 12.7
TPeel/0.25 BLP-Surrey 4 RT 49.6 +17.7 
- 16.6
+35.7 
- 33.4
TPeel/0.25 AEA, Harwell 2 RT 62.5 +2.5 
- 2.5
+4.0 
- 4.0
TPeel/0.12 AEA, Harwell 3 RT 67.0 +3.0 
- 6.0
+4.5 
- 9.0
TPeel/0.25 LG-Surrey 3 50 36.8 +7.25 
- 6.0
+19.7 
- 16.3
TPeel/0.25 AEA, Harwell 2 50 55.0 +2.0 
- 2.0
+3.6 
- 3.6
* This result is taken from the same batch of tests as the aforementioned TAST I batch tested by BLP - 
Surrey, but the two low strength joints have been omitted from the mean calculations as they were 
considered to have been of particularly poor quality.
The mean US was not varied for bondline thickness or TPeel fillet size; it should be noted 
that these parameters do tend to influence the joint strength so creep test results have been 
analysed with this in mind. In general, for AVI 19 TPeel specimens larger fillet sizes give 
higher failure loads; also a thinner bondline tends to lower the peak load attained (as found 
for the high temperature tests discussed previously), but this is not considered as 
conclusive due to poor joint quality and large degrees of scatter in results. For TAST I 
joints, the adhesive F241 is considered to perform better with a thin bondline - of the order 
of 0.1mm - although this was not investigated here. This is confirmed by the details given 
in the F241 data sheet (Appendix N) where it is specified that the thinner the bondline the 
greater its shear strength. This also seems to be the case for AVI 19 TAST I joints (Table
43
EXPERIMENTAL RESULTS
4.5), although the available data is again limited. The effect of bondline thickness on F241 
TPeel joint strengths has not been investigated.
Table 4.6 Summary of Quasi-Static Results for Creep Test Loads:
Adhesive Configuration(1) Tester (2) Size of 
batch
Temp.
(°C)
Mean US
(3)
Scatter 
US %
AVI 19 TAST I/0.5/6 (s) LG-Surrey 3 RT 41.8 +2.5 
- 1.6
+5.9 
- 3.87
TAST 1/0.5/12.5 AEA, Harwell 2 RT 43.1 +0.6 
- 0.6
+1.4 
- 1.4
TAST I/0.5/6 ^ LG-Surrey 2 50 36.1 +0.4 
- 0.4
+1.1 
- 1.1
TPeel/0.5/25 BLP-Surrey & 
AEA, Harwell
4 & 4 RT 83.1 + 27.0 
- 16.6
+32.5 
- 20.0
TPeel/0.5/25 LG-Surrey & 
AEA, Harwell
3 & 3 50 44.8 + 11.6 
- 9.8
+25.9 
- 21.9
F241 TASTI/0.1/6.25 BLP-Surrey & 
AEA, Harwell
2 & 5 RT 19.9 +6.3 
- 1.9
+31.7 
- 9.5
TAST 1/0.1/12.5 LG-Surrey & 
AEA, Harwell
2 & 2 50 14.9 +3.0 
- 1.4
+19.9 
- 9.3
TPeel/0.25 BLP-Surrey & 
AEA, Harwell
4 & 2 & 3 RT 59.7 + 10.3 
- 26.7
+17.3 
- 44.7
TPeel/0.25 LG-Surrey & 
AEA, Harwell
3 & 2 50 45.9 +11.1 
- 15.1
+24.2 
- 32.9
0) Joint type / Bondline thickness /  Overlap length or fillet size;
LG - Elizabeth Gomersall; BLP - Brian Le Page.
0) TAST Ultimate Strength given in MPa; TPeel Ultimate Strength given in N/mm.
All joints were manufactured at AEA, Harwell, except those marked by an which were manufactured at 
Surrey.
Because of the poor quality of some joints the mean ultimate strength of the F241 TAST I 
joints was initially under estimated greatly, so some creep tests set up were in fact only 
loaded at 40 - 50% of the quasi-static ultimate strength. This percentage is derived from the 
US values given in table 4.6 which were obtained after additional tests were carried out 
following the set-up of the afore-mentioned creep tests. Consequently creep failure has not 
occured in these joints and in fact no signs of damage have been observed. In order to 
provide some strain and time to failure data for this adhesive and joint type some 
supplementary quasi-static testing was carried out on thick TAST joints, or TAST II joints, 
as shown previously in figure 3.5. As indicated earlier, it was hoped that the greater 
adherend width would mean that these would be easier to work with so that higher quality 
joints would be produced, giving more consistent failure strengths.
4 .2 .2 .3  Supplementary quasi-static joint tests -
TAST II specimens of F241
These tests were all carried out in the Instron 6025 at 25°C (in the temperature cabinet) at a 
test rate of 0.1 mm/minute. Table 4.7 summarises these tests and the results. A full set of 
results can be found in Appendix D.
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Table 4.7 Summary of Quasi-static Results for F241 TAST II Joints:
Batch no. Mean Bit 
(mm)
Mean Ol 
(mm)
Mean Failure 
load (kN)
Mean Shear 
strength (MPa)
Scatter 
US %
1 0.21 12.63 2.571 21.49 +1.22 
- 1.33
+5.7 
- 9.3
2 0.21 12.67 2.869 23.90 +2.46 
- 5.6
+10.3 
- 23.4
3 0.29 12.28 2.814 24.19 +2.50 
- 4.30
+10.3 
- 17.8
4 0.31 12.61 1.970 16.50 +9.74 
- 4.01
+59.0 
- 24.3
5 0.22 12.60 3.097 26.05 +7.32 
- 7.32
+28.1 
- 28.1
Bit - bondline thickness; 01 - Overlap length;
Note that the percentage scatter given is the scatter within each batch of joints tested and not the scatter for 
TAST II joints overall.
Failure of these joints occurred very suddenly so no damage mechanisms were recorded. 
Much scatter was again observed in these failure loads, as shown in the table and in the 
load / displacement plots (figure 4.11). The calculated shear stress ranged from 12.5MPa to 
33.4MPa, compared with 18.0MPa to 26.2MPa for the thin TAST joints of F241. 
Generally scatter was shown to be due to poor joint quality as can be seen in the 
photographic images of a selection of the failure surfaces presented in Appendix I. Some 
surfaces show the failures to be fully cohesive, but others (mostly those for the stronger 
joints) appear to be interfacial, although it is considered that a very thin layer of adhesive 
has been left on the cleaner adherend. The weaker joints were generally shown to be of a 
poorer quality, with voids existing in the adhesive layer around the edges of the joints; thus 
the degree of scatter can partly be accounted for by uneven adhesive application. From the 
load / displacement plots it was noticed that the lower strength joints appear to have a 
shallower loading up curve. Using this observation an estimation of the failure load can be 
made based on the load achieved after an initial cross-head displacement of 0.4mm. The 
ultimate load of the sample subjected to a creep load was predicted in this way, comparing 
its initial load / displacement relationship with those in figure 4.11.
4 .2 .3  Overview of Quasi-static Experimental Results
Quasi-static results for adhesive joints tested showed a great deal of scatter with the 
exception of the AVI 19 TAST I joints. The TPeel joints were of a poor quality with 
bondline thickness varying throughout the length of the bond and scatter in failure loads as 
high as 36% for F241 and 32% for AVI 19 resulted. The TAST II joints made from F241 
were also shown to exhibit a large amount of scatter in the results although this can largely 
be quantified from looking at the joint failure surfaces. Given more time, this joint 
configuration could have been pursued until better quality joints were obtained giving more 
consistent failure strengths and more valid test results.
General observations made from the quasi-static testing carried out are listed below:
• In bulk form, F241 exhibits large strains to failure, this increasing dramatically at 50°C 
as well as increasing for specimens tested at a slower strain rate. There appears to be a
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physical change in the adhesive during testing after a strain of 15 - 25% has been 
reached. This adhesive is considered rate and temperature sensitive.
• For bulk AVI 19, the strains reached were much lower than for F241 (around 3-4%) 
but this was partly due to poor specimen quality resulting in premature failure at voids; 
this was confirmed when a specimen which was made from adhesive which had been 
centrifuged, i.e. reducing the voiding, reached double the usual strain and reached a 
plateau on the stress / strain curve before failing. Specimens tested at 50°C did not 
exhibit greater strains to failure but again this may have been partly due to premature 
failure at voids. AVI 19 is not considered to be very rate and temperature sensitive.
• Table 4.8 below summarises the results of the bulk quasi-static tests carried out on both 
adhesives.
Table 4.8 Modulus, UTS and failure strain data for F241 and AVI 19 bulk adhesives
PROPERTY F241 AV119
RT 50°C RT 50°C
Modulus (MPa) 800 3000 2400
UTS (MPa) 25 72.7 55
^failure ( 1) 30% 100% -> 4.23%
^failure f )^ 53% -> 6.14% (c) 3.62%
(1) Strain rate 1: For F241 = 2%/minute; AVI 19 = 1%/minute;
(2) Strain rate 2: For F241 = 0.02%/minute; AVI 19 = 0.5%/minute;
(c) Made from adhesive which had been centrifuged, therefore fewer voids and greater strain to failure;
-> Sample did not reach failure.
• For TAST I joints, the performance of each adhesive is very similar at room 
temperature and 50°C, with the load levels tending to be slightly lower for the raised 
temperature tests.
• For TPeel joints, the F241 adhesive exhibits larger amounts of strain at 50°C than at 
room temperature, as expected; AVI 19 shows more brittle behaviour at room 
temperature in the these joints, exhibiting slip-stick behaviour compared to a more 
gradual tearing of the adhesive at 50°C.
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4 .3  Creep Testing
4 .3 .1  Creep Testing of Bulk Specimens
All creep testing of bulk specimens of both adhesives was carried out in the Instron 6025 
machine.
4 .3 .1 .1  F241 bulk creep testing
Bulk flat tensile specimens were manufactured as described in chapter 3. Specimens were
loaded at various percentages of their ultimate tensile strength at room temperature and at
50°C. The tests were loaded up at a test speed of 1.5mm/minute to give a similar loading 
rate to that used for the tensile tests. Creep loads were reached within 3 - 8  minutes. The 
loads were held on the specimens at a control speed of 1 mm/minute to allow for any stress 
relaxation which might take place.
Table 4.9 below gives the test details and outlines the results in terms of maximum strain 
reached and time to failure where available.
Table 4.9 Bulk Creep Tests of F241
Specimen Cross- 
Sectional 
area (mm2)
Months 
between cure 
and testing
Loading MPa 
(% Tensile 
load)
Testing
temp.
(°C)
Max.
strain
(%)
Life (hrs)
Creep2f 2.25 x 7.60 7.5 15 (60%) 20 17.9 68.5 ->
CreepIf 2.5 x 7.63 6 20 (80%) 20 42.86 45.5 ->
Creep3f 2.26 x 7.61 8 22.5 (90%) 20 41.0 5.3
Creep4f 2.16x7.41 8 22.5 (90%) 20 34.1 4 ->
SDf7 2.4 x 7.4 6 15 (68%) 50 97.35 94.67 ->
-> Not failed
The damage observed in these specimens was similar to that observed in the tensile tests, 
with the specimens becoming opaque between 15 and 20% strain. The creep compliance 
(strain divided by stress) plotted against the test time (figures 4.12a and 4.12b) shows that 
the adhesive behaves non-linearly, i.e. the creep compliance increases with increased creep 
loading. No evidence of tertiary accelerating creep was obtained. At 50°C the compliance is 
shown to be much greater, as would be expected from polymers around their glass 
transition temperature.
Figure 4.13 shows the relationship between creep strain and creep time for the three stress 
levels of 15, 20 and 22.5MPa at room temperature. These data will be used to develop a 
material model for F241, as detailed in chapter 5.
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Figure 4.12a Bulk creep tests of F241: creep compliance versus time at RT and 50°C
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Figure 4.12b Bulk creep tests of F241: creep compliance versus time showing RT tests only.
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Figure 4.13 Bulk Creep Tests of F241 : Creep Strain /  Time charts at three levels of stress.
4 .3 .1 .2  AV119 bulk creep testing
Bulk flat tensile specimens were manufactured as described in chapter 3. Specimens were 
loaded to various percentages of their ultimate tensile strength at room temperature and 
50°C. Room temperature tests were loaded up to the required percentage of the static failure 
load at a test speed of 1 mm/minute for the initial 100N, and then the rate was increased to 
lOmm/minute to reach the creep load within a further minute. The high temperature tests 
were loaded up at a constant test speed of 0.5mm/minute, reaching their required creep load 
within approximately 6 minutes. The loads were held on the specimens at a constant control 
speed of 1 mm/minute, as for the F241 bulk tests. /
Table 4.10 gives the test details and outlines the results in terms of maximum strain reached 
and time to failure where available.
As with the quasi-static tensile tests of AV119 very little damage was observed from these 
specimens, failure generally appearing to originate from a surface defect. Creep compliance 
charts for this adhesive are given in figure 4.14, and show this adhesive also to behave 
non-linearly. Again no evidence of tertiary accelerating creep was obtained. The tests 
carried out at 50°C confirm that the compliance increases with increasing temperature.
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Table 4.10 Bulk Creep Tests of AVI 19:
Specimen Nominal 
Cross- 
Sectional 
area (mm2)
Days 
between 
cure and 
test
Loading (MPa) 
(% Tensile 
load)
Testing
temp.
(°C)
Max.
strain
(%)
Life (hrs)
Creep2 2 x 10 1 35 (48%) RT 1.5 46.75
Creep 1 2 x 10 7 52 (72%) RT 3.2 67.5
Creep3 2 x 10 10 52 (72%) RT 3.1 88.5
Creep7 2 x 10 28 52.5 (72%) RT 3.02 A
ocs
Creep4 2 x 10 11 59.5 (82%) RT 3.12 53mins
Creep5 2 x 10 12 59.5 (82%) RT 4.55 20
Creep6 (I) 2 x 10 28 59.5 (82%) RT
TCI 2 x 10 17 35 (64%) 50 2.77 A
ON00
TC2 2 x 10 2 39 (71%) 50 2.43 5
TC3 60(2) 2 x 10 1 39 (71%) 50 1.9 11 mins
TC4 (c) 2 x 10 4 39 (71%) 50 4.2 45 ->
-> Not failed
d) Failed almost immediately at a surface void within the gauge length.
Failed at a void after 11 minutes of creeping.
Made from adhesive which had been centrifuged at 4000 rpm for 5 minutes.
71%/50 C (TC4)
S 0.0008 c 82% (creep5)
g 0.0006
o u
C l, oj cj uu
[%/50°C(T 71% (creep3)
■72% (creep:
48% (creep2)
0.0004
0.0002
50001000 2000 3000 4000 60000
Tune (mins)
Figure 4.14 Bulk Creep Tests of AVI 19 : Creep compliance versus time at RT and 50°C.
The low failure strain at 48% load at room temperature may have been due to problems 
encountered with the control set-up for this test, resulting in the load oscillating between 
695 and 700N (34.75 - 35MPa) for much of the test duration. The data for this test was lost 
so the results illustrated are an approximation based on occasional readings which were 
taken by hand during the test.
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4.3.1.3 Results summary of creep testing of bulk specimens
Both adhesives were found to behave non-linearly, with the compliance increasing with 
increased creep loading. The adhesive F241 was tested under creep loading at room 
temperature at 3 load levels. AVI 19 was also tested at 3 levels of loading but data for the 
lower load test was lost. The material model developed in chapter 5 is based on F241 as 
these results provide enough data from which a material model can be formed. A similar 
model could be developed for AV119 provided some supplementary experimental testing is 
carried out.
4 .3 .2  Creep Testing of Joints
Creep testing of adhesive joints, made from the two adhesives, was carried out both in the 
Instron 6025 machine and in self-straining jigs. Most joints tested in the Instron 6025 were 
subjected to multiple load levels (see section 3.4) and thus these tests mainly gave 
information on the degree of displacement to failure. The jig tests gave time to failure for 
particular load levels (where failure occurred), damage mechanisms, and some 
displacement data from measurements of spring movement in the jigs. The following 
sections cover creep testing of TPeel joints, TAST I and TAST II joints.
4.3.2.1 Creep testing of TPeel joints
All TPeel samples were manufactured at AEA, Harwell. As with all specimens, joints were 
stored in a desiccator until tested. The time between cure and testing varied between 3 and 7 
months for AVI 19 TPeels; for F241 joints room temperature testing was carried out 
approximately 8.5 months after cure (except for joints cl lpf and cl2pf which were tested 
17 months after cure) and high temperature testing approximately 10 months after cure. No 
evidence was obtained to suggest that this time lapse affected the performance of the joints. 
The loading up time for these tests varied between 5 and 20 minutes.
The following summary tables give details of the creep tests which were set up on AVI 19 
and F241 TPeel joints. Table 4.11 provides information on the tests set up in the Instron 
6025 machine, and Table 4.12 shows information on tests carried out in the self-straining 
jigs (for full individual test details refer to Appendix E). The percentage of ultimate 
strengths at which the joints were loaded given in table 4.12 have been calculated from the 
results in table 4.6, in summary:
AVI 19 TPeel US (N/mm): RT=83.1; 50°C=44.8
F241 TPeel US (N/mm): RT=59.8; 50°C=45.9
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Table 4.11 Creep testing of TPeel joints in Instron:
Specimen BIt(1)
(mm)
Fillet
(%)
Loading range 
N (%)
Test
temp.
(°C)
Cross-head 
displ. to 
failure (mm)
Duration 
of test 
(hours)
AV1X9
c6p 1.0 25 240-340 (72 - 102) RT 0.16 118.3
clOp 0.5 25 225-270 (68 -81) RT 0.05 108.3
c68p 0.5 100 516-613 (155-184®) RT 0.06 51.7
c25p 0.5 25 180-320 (100- 179) 50 0.24 454.5
F241
c28pf 0.25 ------ 120 (65) 50 0.11 * 70 *
c29pf 0.25 ------ 120 (65) 50 0.01 * 4 *
clOpf 0.12 ------ 88-200 (48 - 109) 50 0.20 78.3
d) Nominal bondline thickness 
d) 100% fillet, therefore stronger joint.
* Not taken to failure, removed from Instron loaded in self-straining jigs.
Specimens c28pf and c29pf were loaded in jigs in the Instron and left for several hours so 
that any initial creeping of the joints could be monitored, and compensated for, via the 
cross-head displacement. The end nuts of the jigs were then tightened and they were 
removed from the Instron machine and left to creep.
Table 4.12 Creep testing of TPeel joints in jigs:
Specimen Bit ®  
(mm)
Fillet
(%)
Loading level N 
(% Ultimate 
Strength)
Load from 
check N
Test
temp.
(°C)
Life
(hours)
Loading plot 
(jigs) <2)
AV119
c9p 1 25 240 (72%) RT 14350> Non-linear
c l 8p 0.5 25 180 (54%) 170 RT 13350>
c55p 0.5 25 188 (57%) 180 RT 15000>
c46p 0.5 25 240 (72%) 240 RT <24
c52p 0.5 25 170 (95%) 165 50 13300>
F241
c22pf 0.25 ------ 150 (63%) 110* RT 11400>
Pre-load not 
exceeded
c25pf 0.25 ------ 150 (63%) 138 RT 11400>
c23pf 0.25 ------ 200 (84%) 180* RT 11400>
Pre-load not 
exceeded
c24pf 0.25 ------ 200 (84%) 210 RT 11400>
c l lp f 0.12 ------ 209 (88%) 209 RT 3200>
c l 2pf 0.12 ------ 235 (98%) 235 RT 3200>
c28pf 0.25 ------ 120 (65%) 118 50 10200>
c29pf 0.25 ------ 120 (65%) 50 10100>
d) Nominal bondline thickness > Ongoing
d) See section 3.4.2 for clarification of these terms.
* These two TPeel tests had not initially passed the pre-load on their springs; they were re-set to their 
intended load (column 4) 8090hrs after initial loading, and the load shown in column 5 is that which was 
indicated to have been on the specimens from the load check prior to re-set (see charts in Appendix G).
The joints tested in the Instron generally failed during the final step load rise so little failure
or damage mechanisms were observed. The following summarises any observations made
on all TPeel specimens tested.
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A V I 19 Observations:
Specimen c68p was seen to fail as shown in figure 4.15a - initiating through the fillet, 
cracking along the interface and then cracking cohesively through the bondline. The graph 
shown in figure 4.15b shows the cross-head position versus time for this test, indicating 
where the load level was stepped up from an initial value of 516N to a final value of 613N; 
failure did not initiate until after the final load step. Specimen c6p also failed in this way 
suggesting the failure path is independent of fillet size and bondline thickness for this joint 
type at room temperature. The failure locus observed here is comparable to that reported by 
Le Page [1994] for AVI 19 TPeels tested quasi-statically at room temperature. Joints cl8p 
and c55p in the jigs have developed very small interfacial cracks, of the form illustrated in 
the schematic in figure 4.16, but no damage within the adhesive itself has been seen.
F241 Observations:
Damage mechanisms have been noted in the F241 specimens in the jigs loaded at 63% and 
84% at room temperature and at 65% at 50°C. The images in figures 4.17 to 4.21 show 
examples of the damage observed. Figure 4.17 shows specimen c23pf, loaded at 200N 
(84%) at room temperature. The first two images show interfacial cracking of the joint, 
whereas the second two show whitening of the adhesive in the fillet region. Figure 4.18 
shows specimen c24pf, set up the same as c23pf. This joint again shows signs of 
interfacial cracking and also some whitening in the fillet region, although in this case the 
whitening is much more strand-like in appearance. The specimens set at 63% loading also 
showed some small signs of damage in the form of interfacial cracking (figure 4.19). The 
high temperature tests similarly showed interfacial cracking and also the adhesive appeared 
to sink in from the adherend surface (figure 4.20). In addition to this damage, specimen 
c29pf (65%) developed some cohesive cracks some way in from the fillet region, figure 
4.21.
The cross-head displacement to failure for specimens tested in the Instron ranged from 0.05 
to 0.24mm for AVI 19 and from 0.01 to 0.2mm for F241. Although the nature of this 
testing, with periodic raising of the load, makes it difficult to draw any definite 
conclusions, there are some sensible trends within the displacement data obtained as 
outlined below.
• c6p, with a thicker bondline, showed a greater displacement than the other room 
temperature AVI 19 TPeel tests - 0.16mm compared to 0.05mm;
• c25p showed the greatest displacement to failure (at 0.24mm) as this specimen was
tested at 50°C.
• Specimen clOpf showed a fairly large displacement to failure (0.2mm) as expected as it
was tested at raised temperature.
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Figure 4.15a Schematic of Damage in AVI 19 TPeel Joint (c68p) 
indicating direction of failure path.
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Figure 4.15b Cross-head displacement versus time for an AVI 19 TPeel Joint tested in the Instron 
test machine (c68p).
Small interfacial 
crack
Figure 4.16 Schematic of General Damage in AVI 19 TPeel Joints as tested in self-straining jigs.
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Interfacial cracking
H i
Whitening in fillet region.
(For m agnification calibration see A ppendix H)
Figure 4.17 Damage observations from F241 TPeel c23pf (200N / 84% @ RT). 
Images taken 5900 hours after intial loading.
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Interfacial cracking and some cohesive damage
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Figure 4.18 Damage observations from F241 TPeel c24pf (200N / 84% @ RT) 
Images taken 1413 hours after intial loading.
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¥
Interfacial cracking (c22pf)
Slight interfacial cracking (c25pf)
(For m agnification calibration see A ppendix H)
Figure 4.19 Damage observations from F241 TPeels at 63% (150N @ RT) 
Images taken 5900 hours after intial loading.
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Interfacial cracking; adhesive sinking in from adherend surface (c28pf)
Interfacial cracking and cohesive damage (c29pf)
(magnified in figure 4.21)
(For m agnification calibration see A ppendix H)
Figure 4.20 Damage observations from F241 TPeels at 50°C (120N / 65%) 
Images taken 4600 hours after intial loading.
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Cohesive damage.
xlO
(For m agnification calibration see A ppendix  H.)
Figure 4.21 Damage observations drom F241 TPeel c29pf at 50°C (120N / 65%)
Images taken 4600 hours after initial loading.
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• c28pf, also tested at raised temperature, showed a smaller degree of strain than clOpf 
despite it being of a nominally thinner bondline. However, the measured bond details in 
Appendix C indicate that clOpf had a larger section of adhesive in the fillet region and 
may therefore have had a thicker bondline, hence the larger strain obtained.
No time to failure data have been obtained as none of the TPeel tests set up in jigs reached 
rupture. Some initial straining information was obtained from test c28pf (F241 TPeel at 
50°C) as the cross-head moved 0.11mm in the first 70 hours at its creep load (figure 4.22).
1.54
1.52
1.50
1.48
1.46 Adherend thickness=4mm;
Blt=0.25mm; no fillet; 
Load=65% (120N) @ 50°C.1.44
1.42
1.40
250000100000 150000 
Total T im e (seconds)
200000 30000050000
Figure 4.22 Cross-head displacement for initial 70 hours creeping of F241 TPeel,
specimen c28pf @ 50°C.
Plots of the end nut displacements against time, as shown in figures 4.23a and 4.23b, give 
some indication of the degree of strain experienced by the specimens. Note that some small 
variation in these results will be due to the fact that all springs used in the jigs were not the 
same; the creep loads will not, however, have fallen significantly due to spring relaxation in 
any of the jigs, as explained in section 3.4.2.1.
4 .3 .2 .2  Creep testing of TAST I joints
All F241 TAST I specimens were manufactured at AEA, Harwell, whereas most of the 
AVI 19 TAST I samples were assembled and cured at Surrey (shown as saxx in Tables 
4.12 and 4.13); AVI 19 samples with longer overlaps were manufactured at AEA, Harwell 
(shown as dxxx). As with all specimens, joints were stored in a desiccator until tested. The 
time between cure and testing varied; times are given in the tables below. Creep loads were
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Figure 4.23a Jig nut displacement plots for AVI 19 TPeel joints.
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Figure 4.23b Jig nut displacement plot for F241 TPeel joints.
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generally reached within 15-20 minutes. Tables 4.13 and 4.14 give details of the creep 
tests which were set up on AVI 19 and F241 TAST I joints.
Table 4.13 Creep results for TAST I joints in Instron 6025:
Specimen BIt(I)
(mm)
Overlap
(mm)
Months 
between cure 
and testing
Loading range 
N (%)
Test
temp.
(°C)
Cross-head 
displ. to 
failure (mm)
^Duration of 
test (hours)
AV119
dl27 0.25 12.5 6 344-950 (3 2 -8 8 ) RT 0.25 129.2
dl29 0.5 12.5 9 800-900 (74 -84) RT 0.11 3.8
dl30 0.5 12.5 9 800-900 (74 -84) RT 0.11 7.7
sa75 0.5 6 3 310-350 (77 -87) RT 0.13 45.0
F241
d226f 0.1 12.5 8 250 (67%) 50 0.09 5.4
0 ) Nominal bondline thickness
The percentage of ultimate strengths at which the joints were loaded are given in table 4.14 
and have been calculated from the results in table 4.6, in summary:
AVI 19 TAST I US (MPa): RT=41.8; 50°C=36.1
F241 TAST I US (MPa): RT=19.9; 50°C=14.9
Table 4.14 Creep results for TAST joints in jigs:
Specimen B lt(1)
(mm)
Overlap
(mm)
Time 
between cure 
and test
Loading level 
N (% 
Ultimate 
Strength)
Load from 
check N
Test
temp.
(°C)
Life
(hours)
Loading plot 
(jigs) (2)
AV119
sa73 0.5 6 1 wk. 100 (25%) RT 15100>
sa80 0.5 6 3 mon. 154 (38%) 145 RT 14350>
sa79 0.5 6 3 mon. 220 (55%) 214 RT 14350>
sa78 0.5 6 3 mon. 235 (59%) 239 RT 14350>
sa76 0.5 6 2 mon. 300 (75%) 294 RT 13900>
sa77 0.5 6 3 mon. 310 (77%) RT 230 Non-linear
sa74 0.5 6 1 wk. 311 (78%) RT 290
sa84 0.5 6 1 wk. 277 (80%) 50 13300> Non-linear
sa85 0.5 6 1 wk. 280 (81%) 50 526
F241
d220f 0.1 12.5 5.5 mon 184 (37%) 115 RT 12200> Non-linear
d218f 0.1 12.5 » 184 (37%) 130 RT 12000> Non-linear
d217f 0.1 12.5 - 245 (49%) 200 RT 12000> Non-linear
d221f 0.1 12.5 - 245 (49%) 250 RT 12000>
d229f 0.1 6.25 17 mon. 252 (101%) 252 RT <18
d230f 0.1 6.25 17 mon. 252 (101%) RT <18
0) Nominal bondline thickness > Ongoing
V) See section 3.4.2 for clarification of these terms.
With regard to TAST I type joints the following observations were made.
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A V I 19 Observations:
The joints which were tested in the Instron failed interfacially showing no signs of damage 
mechanisms. Three AVI 19 TAST joints have failed in the jigs; two room temperature tests 
set up at 77% and 78%, and one 50°C test set at 81%. The remainder of the joints set up in 
jigs are still ongoing, with creep loads varying from 25% to 75% at room temperature, and 
80% at 50°C. The joints at room temperature set at 55% and above have shown some signs 
of interfacial cracking but are still maintaining their creep loads. These can be seen in the 
images in figures 4.24.
F241 Observations:
As yet, no damage mechanisms have been observed in any of the F241 TAST joints. This 
is due to a combination of reasons, namely the thinness of the bondline and very low load 
levels being applied.
For TAST joints tested in the Instron some trends were observed with regard to the cross­
head displacements to failure:
• The first AV119 TAST test (dl27) showed a displacement of 0.25mm to failure, higher 
than dl29 and dl30 despite having a thinner bondline. This is thought to be due to the 
low level of load initially applied to the joint thus the time to failure was significantly 
longer and so more creep deformation occurred.
• AV 119 joint sa75 crept 0.13mm to failure, i.e. of the same order as the tests dl29 and 
d 130 of the same bondline thickness, although this test did run over a significantly 
longer time period. The load levels of these tests were similar - stepped up gradually 
from around 77% initially to a final level of 87%. The differences in time to failure 
might be partly due to different manufacturers but also the joints were of different 
overlap lengths.
• The only F241 TAST joint tested in the Instron was at raised temperature (d226f) and 
the specimen crept 0.09mm to failure in a relatively short time period. This test was left 
at the same load level throughout its duration, thus it provides some displacement 
(strain) and time to failure data. Figure 4.25 shows the cross-head displacement versus 
time, additionally giving an approximation of the creep shear strain which was 
estimated to be 90% (0.09mm displacement for a 0.1mm bondline thickness).
Very few time to failure data have been obtained for these tests and most tests set in jigs are 
still ongoing. The only time to failure data obtained for F241 TAST I joints was for the 
high temperature test carried out in the Instron (specimen d226f) as described previously. 
For AVI 19 TAST I specimens, grids were sputter coated onto specimen dl30, figure 4.26, 
from which an indication of strain could be obtained. The grid angle changed from 
approximately 93° to 94.2° in 280 minutes under the creep load. This equates to a strain 
value of 0.021 for a 0.5mm bondline. From the cross-head displacement chart (figure
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Interfacial cracking at loaded adherend (sa79; 220N / 55%)
Interfacial cracking at loaded adherend (sa78; 235N / 59%)
(For m agnification calibration see A ppendix H)
Figure 4.24 Damage observations from A V 119 TAST joints at RT. 
Images taken 8850 hours after intial loading.
(Images of cracks in specimen sa76 were not recorded.)
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4.27) 0.03mm of movement was recorded in the same time period, indicating a strain of 
0.06 for a 0.5mm bondline. Neither of these values can be assumed accurate as the cross­
head movement will not only be due to the straining of the adhesive layer, and the gdd-lines 
were not well defined enough to allow accurate measurements of angle change. However, 
both give some idea of the degree of strain experienced by AVI 19 thin TAST specimens 
under long term loading conditions.
Nut depth data have been gathered and plotted against time for both adhesive systems, 
figures 4.28a and 4.28b, giving a general indication of the degree of strain experienced by 
TAST specimens.
0.901.18
0.801.17
0.701.16
0.60 Jj 
cn
0.50 h
1.15
1.14
0.40 $  
0.30 «
1.13
Adherend thickness=2mm; 
BLT=0.1mm; OI=12.5mm; 
Shear stress=10MPa at 50°C.
1.12
0.201.11
0.101.1
0.001.09
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Total T im e (s)
Figure 4.25 Cross-head displacement (strain) for F241 thin TAST specimen d226f @ 50°C.
The data for specimen sa78 (AVI 19) has been plotted separately, figure 4.29, showing 
when interfacial cracks (shown in figure 4.24) were first observed and giving an estimation 
of the shear strain attained.
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Image 4.5 minutes after intial loading; 
Grid angle measured at approx. 93°;
Image 23 minutes after inital loading; 
Grid angle measured at approx. 93°;
Image 80 minutes after intial loading; 
Grid angle measured at approx. 93.7°;
Image 253 minutes after inital loading; 
Grid angle measured at approx. 93.2°;
Image 264 minutes after intial loading; Image 284 minutes after inital loading;
Grid angle measured at approx. 93.5°; Grid angle measured at approx. 94.2°;
(Black lines superim posed onto im ages to enable angles to be m easured.)
Figure 4.26 Strain estimation from A V 119 TAST joint d l30  - grids sputter coated onto specimen;
(800 - 900N (74 - 84%) at RT; 0.5mm bondline thinckness / 12.5mm overlap length.)
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* See section 3.5 and Appendix H 
for magnification calibration.
Figure 4.27 Cross-head displacement for AV119 TAST specimen d 130.
Image taken at 264 minutes.
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Figure 4.28a Jig nut displacement plots for AVI 19 TAST I joints.
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Figure 4.28b Jig nut displacement plot for F241 TAST I joints.
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AV119 Thin TAST Joint (tested at 59% (235N) in self-straining jig)
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See section 3.5 and Appendix H 
for magnification calibration.
Figure 4.29 Interfacial damage in AVI 19 TAST I Joint (sa78 - TAST I/0.5/6.0)
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4 .3 .2 .3  Creep testing of TAST II joints of F241
All F241 TAST II specimens were manufactured at Surrey. Due to time constraints and 
initial problems in obtaining consistent failure strengths only one TAST II creep test was 
carried out. The failure load for this joint was estimated, as explained in section 4.2.2.3, to 
be 3550N (29.7MPa), so a creep load of 80% of this was applied to the joint in the Instron. 
The test was set up 17 days after cure of the joint at a loading rate of 0.1 mm/minute, and 
then left to creep in the Instron. The test details are summarised as follows:
Spec. B it(1) 
(mm)
Overlap
(mm)
Loading 
level N
%
Ultimate
Strength
Test 
temp. (°C)
Life
(hours)
TJ19 0.15 12.6 2840 80% 25 18.14
(0  Bondline thickness.
An estimation of the shear strain for this test was calculated from the cross-head 
displacement and the joint bondline thickness. The shear strain / time response (shown in 
figure 4.30) is used as a comparison with the output from analyses carried out using the 
material model developed for F241 (chapter 5), to ensure that reasonable results are given.
F241 Thick TAST Joint (tested at 80%(2840N) in  6025)
140
120
100
80
60
Adherend thickness = 9.5; 
Bit = 0.15; 01 = 12.6; 
Shear stress = 23.75MPa.
40
20
0
7000030000 50000 6000020000 40000100000
Time (s)
* Shear strain=crosshead displacement/Bondline thickness
Figure 4.30 Shear strain /  time for TAST II joint TJ19
If the shear strain is plotted against the logarithm of time, a 'delay period' (as discussed in 
Chapter 2) is observed prior to creep, figure 4.31.
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Figure 4.31 Shear strain /  Log time for TAST II specimen TJ19.
4.3.2.4 Results Summary of Joint Testing
Despite unavoidable scatter some quantitative information has been obtained giving an 
indication of the degree of strain that might be sustained by a few of the joint configurations 
under certain loading conditions and at specified testing temperatures. From the results, 
most of the quantitative information presented, showing the variation of strain over time, is 
from the following joints:
- F241 TPeel joint, tested in the Instron at 65% at 50°C (c28pf, figure 4.22);
- AVI 19 TAST I joint, tested in self-straining jig at 59% at room temperature (sa78, figure 
4.29);
- F241 TAST I joint, tested in the Instron at 67% at 50°C (d226f, figure 4.25);
- F241 TAST II joint, tested in the Instron at 80% at 25°C (TJ19, figure 4.30).
Table 4. IS overleaf summarises the results from the above tests and two other test results 
considered useful have been included.
Table 4.15 Summary of joint test results:
Joint
Type
Specimen Adhesive Configuration 
(bondline thickness 
/  Overlap) ^
% Tensile 
Load
Test temp. 
(°C )
Time to 
failure 
(hrs.)
Strain/ 
displacement 
to failure
Figure
ref.
TPeel c28pf F241 0 .6 /N A 65% 50 10200 -> 0.14mm ® 4.22
TAST I sa78 AVI 19 0.6 /5 .6 59% RT 14350 -> 19% 4.29
TAST I sa79 AVI 19 0 .5 /5 .6 55% RT 14350 -> 15% 4.28 c*.
TAST I dl30 AVI 19 0.5 /12.4 64% / 72% RT 7.66 (3) 20% total 4.27
TAST I d226f F241 0.1 / 12.2 67% 50 5.4 90% 4.25
TAST II TJ19 F241 0.15/12.6 80% 25 18.1 130% 4.30
-> ongoing
(1) Measured values.
71
EXPERIMENTAL RESULTS
(2) Creep information for this joint is provided from the first 70 hours under load in the Instron (0.11mm 
displacement) and subsequently 10140 hours in a self-straining jig (providing an additional displacement 
of approximately 0.03mm - estimated from figure 4.23b); the test is still ongoing in a self-straining jig  
after 10200 hours.
(3) Loaded at 64% for initial 260 minutes; then stepped up to 72%. All straining occurred in final load step.
The maximum strains experienced by the AVI 19 TAST joints at room temperature are all 
between 15 and 20%. Joints sa78 and sa79 are still ongoing, but their creep time / 
displacement plots (figure 4.28a) indicate that the strain is reaching an asymptotic level. 
This would suggest a shear failure strain for this adhesive to be of the order of 20%. Also, 
results from room temperature creep tests of AV119 TAST I joints indicate that, at 77% US 
and above the specimens fail within 12 days, whereas all specimens loaded below this 
percentage are still sustaining their load levels after over 20 months, despite samples at 55% 
US and above showing signs of interfacial cracking.
4 .3 .3  Concluding Comments
A finite element material model, which is detailed in chapter 5, has been developed based 
on the adhesive F241, as bulk creep strain / creep time data have been obtained for this 
adhesive at three stress levels, providing sufficient information for a material model to be 
created. A similar model could be written for AVI 19 if a few additional tests on the bulk 
adhesive are carried out. The result from TAST II joint TJ19 is used to verify the model as 
this provides quantitative information on F241 joint performance at room temperature. 
Additional experimental tests are necessary for the model to be developed further and 
validated properly, as discussed in chapter 7.
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5. NUMERICAL MODELLING
5 .1  Introduction
This chapter details the development of a creep model from the experimental data obtained, 
which is used to analyse TAST and TPeel joints in chapter 6.
The creep model developed is based on the F241 adhesive as this is considered to be more 
rate sensitive than AVI 19. Further, experimental creep data from bulk specimens has been 
obtained at three load levels for this adhesive, providing enough data from which a material 
model can be formulated.
5 .2  Empirical Fit to the Bulk Stress /  Strain Data for F241
The variation of creep strain with time for bulk tensile specimens of F241 has been 
presented in the previous chapter (figure 4.13). It should be noted that the loading up rate 
of the specimens to their respective creep stress levels varied (loading time ranging from 
approximately 3 to 8 minutes). The initial linear regions of the creep response, amplified in 
the logarithmic plot in figure 5.1, correspond to the duration of the loading up times.
Separate power laws were fitted to the second portion of the creep response at each of the 
three stress levels used in the creep testing. Equations were of the form shown below (5.1), 
and the constants MO and Ml for each stress level are given in Table 5.1. Figure 5.2 shows 
that the fits of the separate power law expressions to the data is good.
£cr = M0.fM1 5.1
where Her is the creep strain.
Table 5.1 Constants for the creep strain power law curve fits
Stress (MPa) M0 M l
15 0.0188 0.1670
20 0.0140 0.2805
22.5 0.0125 0.3470
In order to be able to estimate the creep behaviour at other levels of stress the constants MO
and Ml were each determined as a power law function of the applied stress, shown as
equations 5.2. The resulting good fits to the experimental data, relating stress to the 
constants, can be seen in figure 5.3.
MO = 0.2894 a-1-01 5.2a
Ml = 0.00126 a 1-804 5.2b
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Figure 5.1 Logarithmic plot of the variation in creep strain with time for bulk tensile F241.
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Figure 5.2 Fit of the separate power law expressions to bulk tensile creep data for F241.
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Figure 5.3 Fits to the power law constants M0 and Ml
Using these relationships various methods for developing a finite element material model 
which could be applied to the adhesive joints were investigated.
5.3 Existing Abaqus Creep Model
The creep model currently available in Abaqus takes the form:
Ecr' = A qn tm 5.3
where ecr' is the creep strain rate, q is the equivalent (von Mises) stress, t is the time and A, 
n and m are arbitrary material constants. This can be integrated with respect to time to give 
the creep strain as
£cr = m+Tqntm+I 5A
It can be seen that an equation of the same form as equation 5.1 is required, with M0 a 
function of the stress and Ml constant, and equal to (m+1). Details of how the constants A, 
n and m were chosen are given below.
A value of m is determined from Ml (equation 5.2b) at an intermediate stress of 17.5MPa: 
Ml at 17.5MPa = 0.2202,
Therefore, m = Ml-1 = 0.2202 - 1 = -0.7798
Using this value of Ml for each level of stress, the previously determined values of MO for 
each of three stress levels were modified such that equation 5.1 gave a reasonable fit to the 
experimental data. These are summarised in Table 5.2
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Table 5.2 Values o f MO to be used in conjunction with fixed M l
Stress (MPa) MO M l
15 0.0105 0.2202
17.5 0.01607 0.2202
20 0.0275 0.2202
Comparing equations 5.1 and 5.4 it can be seen that 
M O ^ q "
and thus A and n can be determined by representing MO as a power law function of the 
stress, using the values in table 5.2 to give this relationship. The resulting constants are; 
A=2.5E-07 and n=3.35.
The results from using this material model in conjunction with a simple finite element 
analysis (FEA) of a bulk tensile creep test can be seen in figure 5.4. Exactly the same 
results are obtained using equation 5.4 directly. It can be seen that the excellent fit to the 
data shown in figure 5.2 has been somewhat compromised. In an attempt to overcome this 
a more refined approach based on user-defined material models has been considered and is 
reported in the following sections.
5.4 Single Phase Creep Model
If equations 5.2a and 5.2b are substituted into equation 5.1 a stress dependent material 
model is formed, as shown below, where the power on the time term is now a function of 
the stress:
e cr= a G b tc° d 5.5
Where a=0.2894;
b=-1.01; 
c=0.00126; 
d= 1.804;
This equation provides the same good fit to the experimental data as the power law shown 
in figure 5.2, where individual laws were applied at each stress level. However, when 
applied to stress levels outside of this 15 - 22.5MPa range the response is not plausible, 
with creep strains at 5MPa exceeding those at lOMPa. This is largely due to the negative 
exponent on the stress term that dominates at small stress levels. At larger levels of stress 
this is more than compensated for by the time term.
A closer inspection of the experimental results, shown in figure 5.1, shows that there 
appears to be a change in gradient at about 20% creep strain (Note: the initial change in 
gradient occurs at the end of the loading stage of the creep tests as already explained). This
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Figure 5.4 A comparison between creep strains measured and those given by the Abaqus model
41MPa
30MPa 
0.50 4 —  -----
0.45 -----------
0.40 -----------
0.35 -j -p
0.30  / —
22.5MPa
20MPa
~ 0.25 17.5MPa
£J 0.20
15MPa0.15
0.10
0.05 5MPa
160000140000120000100000800006000040000200000
Creep Tim e (s)
Solid lines - Experimental data
Figure 5.5 A  comparison between creep strains measured and those given by the 2-phase model.
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transition ties in with a physical change observed during testing where the adhesive 
becomes opaque. The next stage in developing the material model was therefore to consider 
a bi-phasic model, with the switch between phases at 20% creep strain. By doing this it 
was hoped to be able to model the response more accurately and hence to avoid the effect of 
the negative exponent on the stress term in the single phase model.
5 .5  Two-Phase Creep Model
As before, power laws were derived for each stress level. However, for this model separate 
laws were obtained for the regions below and above 20% creep strain (the point of 
observed transition). The resulting equations for phases 1 and 2 are found to be:
Phase 1: ecr =ai obl tclo<11 
Phase 2: £cr =a2  ob2 tc2(jd2
5.6a
5.6b
Where: Phase 1 Phase 2
a.i 0.00643 0.01087
0.454 0.02994
c, 0.00515 0.00330
di 1.253 1.49980
These creep strain relationships can be recast assuming strain hardening rather than time 
hardening. The details are shown in Appendix J but the general creep strain rate equation 
becomes:
r  . - . I / ( C f . o ' i )
a ; . o {
^cr Cj. CT 1 . £ cr 5.7
'c r
The response for this two-phase material model used in conjunction with a simple FEA of a 
bulk tensile creep test gives a good fit to the experimental data and plausible results at other, 
lower, stress levels, see figure 5.5. However, when the model is applied to analyse joints 
bonded with F241 the stress levels were found to be much higher than those sustained in 
the bulk tensile testing. At such high levels of stress, the two-phase creep model does not 
tend to a plausible asymptotic level of creep strain quickly enough. Figure 5.6 shows the 
predicted results for shear strain with time for a TAST joint (modelled plane strain) 
compared with the experimental TAST result. The mismatch between the two is evident.
The TAST joint referred to in figure 5.6 was tested at a nominal shear stress of 23.7MPa, 
which approximates to an equivalent stress of 41 MPa. This stress was applied to the simple 
bulk tensile creep FE model using first the two phase model and then the initial Abaqus 
model. The responses from the two can be seen in figure 5.7.
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Figure 5.6 Predicted (Two-Phase) and measured creep shear strains from the TAST test (TJ19)
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Figure 5.7 Comparison between the 2 phase and Abaqus models at high stress levels
The creep response of the two-phase model starts off more gradually than the Abaqus 
model (consistent with experimental data) but there is no roll over point and the creep strain 
continues to rise rapidly. Therefore, the standard Abaqus model response becomes more 
realistic over time although when used in the FEA of the joint it still predicts a much higher 
level of strain than observed experimentally.
There are at least two possible causes for this inconsistency between joint and bulk data:
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• The pressure sensitive nature of the adhesive will produce a lower equivalent stress (and 
thus less creep) in the shear test than in the tensile test. This pressure sensitive nature has 
not yet been modelled in the FEA.
• The material response in joint form is different to the bulk behaviour due to different 
conditions under which curing of the adhesive occurs. It should however be remembered
_ that under quasi-static loading this is not the case and the bulk and joint data are 
compatible [Dolev & Ishai, 1981].
These possibilities will be considered in the next two sections.
5 .6  Pressure Sensitive Model
This has been investigated by writing a "user defined pressure sensitive material creep 
model". This modifies the ABAQUS model to use a pressure sensitive equivalent stress in 
the standard Abaqus creep model. The form of this stress is [Crocombe, 1997]:
n . - ( S i i i n  ( S d l w  5 8qmod— 2S ^ ” 2S *
where qmod is the modified equivalent stress, q is the original equivalent stress value as 
given in Abaqus, P is the hydrostatic stress (Positive P signifies hydrostatic compression) 
and S is a constant giving the ratio of compressive to tensile flow stresses.
A copy of the user subroutine for this modified Abaqus model can be found in Appendix 
K. The value of the constant S was varied to investigate its effect on the predicted joint 
shear strain. This can be compared to the experimental data obtained from the TAST joint. 
As the value of S is increased the shear strain drops and the response over time approaches 
the experimental value, figure 5.8. However, after increasing S to a value of 2.5 problems 
were encountered with the analyses in the setting of the initial time steps to allow 
convergence and this could not be resolved within the time scale of the work. Also, the 
ratio of compressive to tensile flow stresses is not expected to be as high as 2.5. This is 
examined further chapter 7 and in Appendix L, where the shear and tensile data for the 
adhesive F241 are compared and briefly discussed. The model response did look to be 
approaching the experimental response and, although it is likely that the variation given by 
the pressure sensitivity as detailed here is not the only factor involved, it is recommended 
that this pressure sensitive model is investigated further in any future creep analysis work 
on this adhesive system.
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Figure 5.8 Effect of pressure sensitivity on the predicted creep shear strain of the TAST joint.
5 .7  Modified Abaqus Model
In order to enable studies to be carried out on the creep responses of various configurations 
of F241 joints, a separate joint creep material model was developed, reflecting the trends of 
the measured bulk data. It was found that if the standard Abaqus bulk creep response 
(equation 5.3) is scaled down by a factor of about five the resulting material model predicts 
the experimental TAST creep response closely, figure 5.9. If we assume the material 
response in joint form to be different to the bulk behaviour, perhaps due to the different 
curing conditions, then it is reasonable to introduce an empirical scaling factor to account 
for this. The resulting constants to be used in the ABAQUS model are thus A=4.75E-8; 
n=3.35; m=-0.7798.
140
120
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Adherend thickness = 9.5; 
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Shear stress = 23.75MPa.CD
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Figure 5.9 Comparison between experimental and predicted creep shear strains from modified model
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5 .8  Summary of Numerical Modelling
As described above, several techniques for developing a creep model for bulk F241 were 
investigated. After some initial problems a material model was developed which gave close 
correlation to experimental data and a reasonable response outside of this experimental 
stress range, i.e. the two-phase model presented in section 5.5. Although this model looked 
successful initially, it was found that it was unsuitable when applied to adhesive joints 
loaded at high levels of stress (figure 5.6). It is considered that the model may give more 
reasonable results when applied to joints at lower levels of stress. However, the effects of 
pressure sensitivity and the different cure conditions for the bulk and joint specimens need 
to be addressed and compensated for in the final model.
The pressure sensitive model detailed in section 5.6 could be used to bring better agreement 
between the predicted response for a TAST joint and the corresponding experimental result, 
but problems were encountered with convergence of the model before a final solution was 
reached. It is considered that, although the effects of hydrostatic stress need to be taken into 
account, it is likely that there are other factors which need to be compensated for, such as 
the different cure conditions between bulk and joint specimens, as already mentioned, and 
any rate effects due to bulk and joint tests being carried out at different strain rates. This 
model requires further investigation to see if a solution can be achieved using a pressure 
sensitivity relationship.
The model finally selected to be used for the finite element analyses of various joint 
configurations bonded with F241 has been formed by scaling the Abaqus model for the 
bulk adhesive system to fit the experimental joint data. The model does reflect the behaviour 
of the bulk adhesive and fits the experimental data very closely up to its failure point (at 
120% shear strain). It is therefore considered that it will give reasonable results for 
reflecting the trends in other joint configurations bonded with F241.
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6. FINITE ELEMENT ANALYSES OF ADHESIVE JOINTS
6 .1 Introduction
This chapter details the analyses which were carried out on various configurations of TAST 
and TPeel joints using the model developed in chapter 5, detailed in section 5.7. Analyses 
were carried out on thick TAST joints and TPeel joints bonded with F241; the 
configurations and load levels considered are given in table 6.1 below. The TAST 3 
configuration, with a 50mm overlap length, has not been tested but is included to provide 
an example of how a low stressed elastic region will restrict adhesive creep.
Table 6.1 Details o f the six joint configurations analysed 
(refer to figures 3.3 & 3.5 for details)
Analysis Joint Type Configuration ^ Loading Time period of 
Analysis (seconds)
1 TAST 1 01:12.5/Bit: 0.15 80% (2840N) 70,000
2 TAST 2 01:12.5/Bit: 0.15 60% (2130N) 6,000,000
3 TAST 3 (2) 01: 50 /Bit: 0.15 -20% (2840N) 15,000,000
4 TPeel 1 Bit: 0.25 84% (200N) 15,000,000
5 TPeel 2 Bit: 0.25 63% (150N) 15,000,000
6 TPeel 3 (3) Bit: 0.25 84% (200N) 15,000,000
W 01 - Overlap; Bit - bondline thickness;
(2) The quasi-static failure load for the TAST joint with a longer overlap, o f 50mm, was estimated from the 
failure strength with a 12.5mm overlap. Therefore, it is possible that the percentage of ultimate load 
specified here will in fact be somewhat higher than this.
(^Analysis 6 was identical to analysis 4 but assumed plane stress conditions rather than plane strain.
Prior to creep analyses being carried out on the various joint configurations, linear elastic 
analyses were carried out on TAST 1, TAST 3, and TPeel 1 to show that the joints had 
been modelled correctly and to provide the approximate stress magnitudes and distributions 
for the adhesive bond under quasi-static loading conditions. The results for this are given in 
section 6.3 and are discussed briefly before moving on to the long term loading results in 
section 6.4. Details of the analyses are given in the following section.
6 .2  Analysis Details
The finite element meshes for the two joint types are shown in Appendix M. In all cases 
explicit integration was used for the time integration and elements were of the 8 noded 
quadrilateral type. For the TAST joints two elements were used across the bondline 
thickness, whereas only one was used for the TPeels. A fairly coarse mesh was created as 
the time periods over which the analyses were to run were very large. The joints were 
constrained as shown in Appendix M; the TAST joints were pinned at the loading hole 
positions so as to represent the experimental testing method and a point load was applied at 
one end of the joint. Multi-point constraints were used for the TPeels to give built in end 
conditions with a load applied at one end.
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Plane strain conditions were assumed for all analyses apart from the last TPeel analysis 
which assumed plane stress conditions. Steel was used for the adherends and was assumed 
to behave elastically throughoulPwith a Young's Modulus of 200GPa and a Poisson's ratio 
of 0.3. For the TAST joints the maximum stress experienced by the adherends is 49N/mm2 
(2840N load, adherend section = 9.5mm wide x 6.1mm thick); for the TPeels the 
maximum direct stress is 25N/mm2 (200N load, adherend section = 4mm wide x 2mm 
thick). The tensile modulus for the adhesive was set at 800MPa with a Poisson's ratio of
0.4 (this value is taken from test results from the National Physics Laboratory). Creep 
analyses were carried out using the modified Abaqus model as detailed in section 5.7.
From the analysis of the experimental TAST configuration (analysis 1 in Table 6.1) the 
equivalent creep strain at the observed experimental failure time of 65,000 seconds (figure 
4.30, joint TJ19) was found to be 66% (creep strain magnitude (CEMAG^in figure 6.9). 
This has been used as a criterion for creep failure in the other joints analysed.
6 .2  Linear Elastic Analysis Results:
Figures 6.1 - 6.8 show the shear, peel, von Mises and major principal stresses, and shear, 
peel and major principal strain variations along the centre lines of the bond lengths for both 
TAST and TPeel linear elastic analyses. For the TAST joint, TASTs 1 & 3 are included to 
show the effect of the increase in overlap length, and for the TPeel, TPeels 1 & 3 are 
included to show the differences observed when modelling in plane stress rather than plane 
strain.
From figure 6.1 it can be seen that the von Mises and shear stresses are fairly uniform for 
TAST 1, with the major principal stress tending to peak at the ends of the joint due to the 
peel stresses present. For the TAST 3 joint with the 50mm overlap, the stress gradient 
between the centre of the bond length and the joint edges is much greater (figures 6.3 & 
6.4), with the major principal stress remaining small over the centre 30mm of the overlap,
1.e. for TAST joints with significantly longer overlaps, peak stresses occur at the outer 
sections of the bond length, where almost all of the load transfer occurs. Strains were small 
for all TAST joints analysed. This is not consistent with the experimental results obtained 
for F241 TAST joints. Figure 4.11 shows a cross-head displacement of around 0.5mm at 
2840N, which represents a shear strain of approximately 250% for a bondline thickness of 
0.2mm. This is clearly far greater than that given by the linear analysis of the same nominal 
configuration which was shown to vary between 8 and 9% along the overlap length, as 
illustrated in figure 6.2. This is because the analyses were linear elastic, i.e. the effects of 
viscoelasticity, plasticity or rate dependency are not accounted for so the strains are 
expected to be considerably lower.
1^ ■) This is based on previous calculations carried out in another part of the project. ®  CEMAG = * I — £ °r I £  °r
V 3
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In the TPeel joints modelled in plane strain the von Mises stress is lower than the major 
principal stress because of the high triaxial stress field towards the fillet region of the joint 
(figure 6.5). The von Mises stress is generally lower than in the TAST joint and less creep 
behaviour is expected as the nature of the TPeel geometry greatly restricts adherend 
movement. When modelled under conditions of plane stress the major principal and peel 
stress levels within the joint are lower but the von Mises stress is somewhat higher (figure 
6.7). The resulting peak strains are around 40% greater than the same configuration 
modelled under conditions of plane strain but with a similar distribution along the bond 
length. This is because modelling in plane stress offers less constraint to the joint.
6 .3  Creep analyses
6 .3 .1  Introduction
As previously detailed in Table 6.1, three analyses were carried out on each of the TAST 
and TPeel joint configurations. Data are presented in the form of stress and strain variations 
along the bond lengths of the joints, giving results at five time intervals during each 
analysis. The time intervals given in each case vary.
For the first configuration of the TAST joints considered, plots of the variation along the 
bond length for the von Mises stress, shear stress and major principal stress, and major 
principal strain, shear strain and creep strain magnitude (CEMAG) are given to show the 
general trend for that joint type. For the TPeel joints, the variation along the bondlength of 
the von Mises stress, peel stress and major principal stress, and major principal strain, peel 
strain and creep strain magnitude are given for analyses 4 and 6 to illustrate fully the 
differences obtained when modelling in plane stress rather than plane strain. For the 
remaining analyses of both joint types, the von Mises stress, creep strain magnitude and 
major principal strain are given to enable general comparisons between the different joint 
configurations / loading magnitudes to be made.
Figures 6.9 and 6.10 illustrate the creep strain magnitude variation over time for the TAST 
and TPeel joints respectively. For TASTs 1 & 2 the creep strain for the element at the centre 
of the bondline is given, for TAST 3 the strain at the end of the bondline is given as the 
strain varies significantly along the overlap length for this joint and is greatest at the ends. 
For the TPeels, the creep strain of the element at the end of the fillet region is given.
The strain magnitude for the TPeels is far lower than that experienced by the TAST joints. 
This is largely due to the fact that the shape of the TPeel greatly restricts adherend 
separation as already mentioned. If the failure criterion is assumed to be a critical failure 
strain, as is assumed in this thesis, the results indicate that the TPeels will take a far longer 
time period to reach failure.
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6 .3 .2  TAST Joints
Figures 6.11- 6.22 show the stress and strain variations along the bond length for all 
TAST creep analyses carried out, giving results at five time intervals during each run. 
Figures 6.11, 6.17 and 6.20 show that for all TAST configurations considered the von 
Mises stress flattens out over time; figure 6.12 shows this also to be the case for the shear 
stress. This represents a redistribution of the stresses in the joints, and the reduction in peak 
stresses shows a more even shear and von Mises stress distribution over the bond length. 
The drop in peak stress is far greater for the TAST 3 joint (long overlap length) - from 
around 28 to 12MPa (figure 6.20), compared to a drop of less than IMPa for TASTs 1 & 2 
(figures 6.11 & 6.17). The average stress in TAST 1 is however much higher than TAST 3 
thus the resulting creep strain in the latter is much lower. The major principal stresses 
(figure 6.13) increase slightly in the centre of the bond and decrease more significantly at 
the joint ends. This distribution does not flatten out as the von Mises and shear stresses did 
due to the effect of the peel stresses present. The slight reduction in stress at the ends of the 
joint suggest greater creeping occurs in these bi-axial stress regions.
The strain levels are all shown to rise with time, as expected. For TASTs 1 & 2 it can be 
seen that the strain does not vary significantly along the overlap length (figures 6.14 - 6.16, 
and 6.18 - 6.19). However, for TAST 3 this is not the case and the strains are seen to vary 
considerably along the bond length (figure 6.21 & 6.22). The creep strain for this joint 
initially increases more quickly at the ends of the joint than at the centre (figure 6.22); this is 
expected, given the large difference between the von Mises stress at the centre and ends of 
the joint initially as already discussed (figure 6.20). After several thousand seconds under 
load, however, (somewhere between 1000 and 360,000 - figure 6.22) the creep rate evens 
out and becomes almost constant along the entire bond length - the von Mises stress has 
flattened out giving an even stress distribution along the bond length. It is generally 
considered that a joint with a significantly long overlap length will have very low levels of 
stress within the centre region of the overlap thus producing negligible strain. For this joint, 
however, the strain in the centre of the joint began to rise after approximately 1000 seconds 
under load and the levels of stress rose gradually reaching a fairly even stress distribution 
along the bond length. The peak stress induced is indeed far lower than that for the same 
loading applied to the TAST 1 joint with the shorter overlap length (figures 6.11 and 6.20), 
and the creep strain which develops is correspondingly low. However, creeping is 
predicted at the centre of the overlap which is contrary to common expectations. The creep 
rate in TAST 3 decreases and the plot of the creep strain versus the creep time (figure 6.9) 
suggests that the joint will not reach the failure strain of 66%. Therefore, the effect of 
increasing the bondlength reduces the induced strains and stresses considerably but 
creeping will still occur even at the centre of the longer overlap length after an initial period
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at zero strain. TAST 3 has a bond length four times that of TAST 1, the mean von Mises 
stress is four times lower, but the predicted joint life is many times greater.
For the 60% TAST joint the time required to reach the failure creep strain of 66% is 
considerably larger (two orders of magnitude) than the 80% TAST (6,000,000 seconds 
compared to 65,000 seconds, figure 6.9). This is consistent with the experimental work in 
which joints set to 50% of their strength and below are still ongoing after 12,000 hours 
(43,200,000 seconds), and show no signs of damage.
6 .3 .3  TPeel Joints
Figures 6.23 - 6.37 show the stress and strain variations along the bond length for all TPeel 
creep analyses carried out, again giving results at five time intervals during each run. Figure 
6.10 shows the creep strain variation magnitude ^ EMAG) over the whole time period for 
each of the analyses. In this chart the strain at the end element in the fillet region is given, 
although it should be noted that this is not the point of greatest creep strain within TPeel 3, 
analysis 6 (see figure 6.36).
For TPeel joints 1 & 2 (analyses 4 & 5) the peak von Mises stress drops off markedly over 
time (figures 6.23 & 6.29) whereas the major principal and peel stresses do not change by a 
great deal (figures 6.24 & 6.25). For this to occur it would suggest that the other principal 
stress components are increasing. It is interesting to note that the equivalent stress (von 
Mises) is very similar for TPeels 1 & 2 at the end of the analyses, i.e. after 15,000,000 
seconds, but different at the beginning (figures 6.23 & 6.29). The creep strains increase 
with time as expected (figures 6.27 & 6.31) but the strain is considerably less than that 
shown by the TAST joints and the rate of increase also rapidly flattens off (figure 6.10) 
suggesting a state of equilibrium is being approached and that the failure strain of 66% will 
not be reached. This is consistent with the available experimental results, where tests set at 
60% and even as high as 90% are still ongoing, although much damage within the fillet 
regions has been observed in the latter (see chapter 4). This reduction in creep strain rate 
occurs because the equivalent stress is reducing even though the load is fixed. This cannot 
occur in the TAST joints as the equivalent stress is closely linked with the shear stress. 
TPeel 3 (analysis 6) was modelled under conditions of plane stress. The results are 
therefore notably different as the adhesive is subject to biaxial rather than triaxial stress and 
is thus less constrained. As well as the von Mises stress dropping off, so too do the major 
principal and peel stresses, and in addition there is a redistribution of the stresses along the 
bond length with time which is not evident when modelling in plane strain. The peak strain 
is not found at the end of the fillet region as for TPeel 1, but is approximately 1mm in from 
the end of the bondline. The creep strain increases with time, reaching a peak level over 
four and a half times that for the same TPeel modelled in plane strain, but as with the other
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TPeel analyses the rate of increase flattens off well before the predicted failure strain is
approached (figure 6.10).
6 .4  Conclusions
From the results of the various analyses which were carried out the following points
summarise the observations made:
• The results obtained broadly correlate with the available experimental data:
- for TAST specimens, creep failure was not reached, and no signs of failure were 
evident, in joints loaded at up to 50% of their ultimate load capacity for periods in 
excess of 43,200,000 seconds. This is predicted by the analyses.
- experimental tests on TPeel specimens showed that, although damage was present, 
failure did not result even for joints loaded at 84% of their expected capacity for periods 
of over 41,000,000 seconds. This is predicted by the analyses.
• The analysis of TAST 3 illustrated the effects of overlap length on joint life. Initially, 
this joint was shown to have a region of very low stress within the centre 30mm of the 
bondlength, as well as the overall stress being much lower. The stress in the centre 
region does rise with time as the stress distribution flattens out, causing some creeping 
to occur even at the centre of the long overlap length. However, the levels of strain are 
very low and the plot of creep strain versus time suggests that this joint will not reach 
the failure strain of 66%. Thus, increasing the overlap length greatly reduces creeping 
in a joint and in so doing reduces the likelihood of failure due to creep. It should be 
noted that the concept of a non-creeping interior region appears to be misplaced.
• The analysis of TPeel 3 showed that very different results are obtained for the TPeel 
joint when modelled in plane stress rather than plane strain. This is because plane stress 
offers less constraint to the joint so the area within the fillet region of the TPeel is free to 
strain in all directions allowing a redistribution of the stresses and higher levels of strain 
to be reached. In practice, joints will experience a combination of plane stress and plane 
strain conditions.
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Figure 6.1 Linear Elastic: Analysis 1 - Stress variations along bondlength.
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Figure 6.2 Linear Elastic: Analysis 1 - Strain variations along bondlength.
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Figure 6.3 Linear Elastic: Analysis 3 - Stress variations along bondlength.
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Figure 6.4 Linear Elastic: Analysis 3 - Strain variations along bondlength.
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Figure 6.5 Linear Elastic: Analysis 4 - Stress variations along bondlength.
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Figure 6.6 Linear Elastic: Analysis 4 - Strain variations along bondlength.
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Figure 6.7 Linear Elastic: Analysis 6 - Stress variations along bondlength.
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Figure 6.8 Linear Elastic: Analysis 6 - Strain variations along bondlength.
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TAST Joints; Blt=0.15mm
Creep strain magnitude variation with time.
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Figure 6.9 Creep: TAST Analyses - Creep strain magnitude variation with time, 
(centre element for TASTs 1 & 2, end element for TAST 3)
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Figure 6.10 Creep: TPeel Analyses - Creep strain magnitude variation with time, 
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TAST1 - 2840N; Blt=0.15mm, 01=12.5mm.
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Figure 6.11 Creep: Analysis 1 - von Mises stress variations along bondlength.
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Figure 6.12 Creep: Analysis 1 - shear stress variations along bondlength.
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TAST1 - 2840N; Blt=0.15mm; 01=12.5mm
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Figure 6.13 Creep: Analysis 1 - major principal stress variations along bondlength.
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Figure 6.14 Creep: Analysis 1 - major principal strain variations along bondlength.
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TAST1 - 2840N; Blt=0.15mm; 01=12.5mm
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Figure 6.15 Creep: Analysis 1 - creep strain magnitude variation along bondlength.
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Figure 6.16 Creep: Analysis 1 - shear strain variation along bondlength.
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TAST2 - 2130N; Blt=0.15mm, 01=12.5mm.
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Figure 6.17 Creep: Analysis 2 - von Mises stress variations along bondlength.
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Figure 6.18 Creep: Analysis 2 - major principal strain variations along bondlength.
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TAST2 - 2130N; Blt=0.15mm; 01=12.5mm
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Figure 6.19 Creep: Analysis 2 - creep strain magnitude variations along bondlength.
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Figure 6.20 Creep: Analysis 3 - von Mises stress variations along bondlength.
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TAST3 - 2840N; Blt=0.15mm; Ol=50mm.
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Figure 6.21 Creep: Analysis 3 - major principal strain variations along bondlength.
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Figure 6.22 Creep: Analysis 3 - creep strain magnitude variations along bondlength.
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Figure 6.23 Creep: Analysis 4 - von Mises stress variations along bondlength.
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Figure 6.24 Creep: Analysis 4 - peel stress variations along bondlength.
100
FE ANALYSES OF ADHESIVE JOINTS
TPeell - 200N (84%); Blt=0.25mm
60
0.5s
— “ 1000s
40 - 30,000s
30 7,500,000s
15,000,000s20
10.00 12.00 16.00 18.00 20.0014.006.002.00
-10
Bondlength (mm)
Figure 6.25 Creep: Analysis 4 - major principal stress variations along bondlength.
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Figure 6.26 Creep: Analysis 4 - major principal strain variations along bondlength.
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Figure 6.27 Creep: Analysis 4 - creep strain magnitude variations along bondlength.
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Figure 6.28 Creep: Analysis 4 - peel strain variations along bondlength.
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Figure 6.29 Creep: Analysis 5 - von Mises stress variations along bondlength.
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Figure 6.30 Creep: Analysis 5 - major principal strain variations along bondlength.
103
FE ANALYSES OF ADHESIVE JOINTS
TPeel2 - 150N (63%); Blt=0.25mm
0.025
0.5s
0.020
1000s
340,000sq  0.015
5,600,000s
0.010 15,000,000s
0.005
0.000
16.00 18.0014.00 20.008.00 10.00 
Bondlength (mm)
12.004.00 6.000.00 2.00
Figure 6.31 Creep: Analysis 5 - creep strain magnitude variations along bondlength.
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Figure 6.32 Creep: Analysis 6 - von Mises stress variations along bondlength.
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Figure 6.33 Creep: Analysis 6 - peel stress variations along bondlength.
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Figure 6.34 Creep: Analysis 6 - major principal stress variations along bondlength.
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Figure 6.35 Creep: Analysis 6 - major principal strain variations along bondlength.
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Figure 6.36 Creep: Analysis 6 - creep strain magnitude variations along bondlength.
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Figure 6.37 Creep: Analysis 6 - peel strain variations along bondlength.
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7. CONCLUDING REMARKS AND FURTHER WORK
7.1  Introduction
The main objective of this project was to expand on the current knowledge and 
understanding of the effects of creep loading on adhesive joints. This has been done via 
experimental tests on two adhesives in bulk form and bonded in two joint configurations, 
followed by the development of a material model, used subsequently in finite element 
analyses enabling predictions of long term adhesive joint performance to be made.
In the following sections concluding remarks are made relating to:
a) the key experimental findings (7.2), and
b) the numerical work in developing a material model and analysing bonded structures 
(7.3).
Section 7.4 suggests areas for further work.
In principle,, it has been shown that material data can be obtained from bulk adhesive tensile 
creep tests and used with existing creep models in finite element analysis codes to predict 
joint response to sustained loading.
7 .2  Experimental Results
Experimental results were obtained for both adhesives in bulk form providing quasi-static 
properties and creep behaviour at both ambient and raised temperature (50°C). The main 
findings were:
• Both adhesives behaved non-linearly, i.e. the creep compliance increased with 
increasing stress, and also with increasing temperature.
• F241 was rate and temperature sensitive, the strain to failure increased markedly for 
raised temperature tests and for tests with a reduced strain rate.
• The F241 specimens were observed to become opaque during testing at strains of 
between 15 and 25%; this ties in with a discontinuity in the creep strain-time data at 
20% creep strain (figure 5.1). The high temperature tests additionally showed some 
signs of micro cracking as the strain increased above 25%.
• AVI 19 did not seem to be rate sensitive, and the strain to failure did not seem to 
increase with increasing temperature. However, AVI 19 proved to be a difficult 
adhesive in bulk form in that small voids were frequently present in the bulk samples 
often resulting in premature failure. It was found that this could be partly overcome by 
centrifuging the adhesive prior to injection into the moulds.
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Two types of adhesive joint were also tested, providing information on damage 
mechanisms, quasi-static strengths and creep strain and time to failure data at varying levels 
of creep stress. Some of the adhesive joint tests showed a significant degree of scatter in 
quasi-static load capacities. This was mainly due to the variable quality of the joints 
supplied from external sources.
The main results from the testing of the two joint configurations of the two adhesives are as 
follows:
• Comparing quasi-static results:
- AVI 19 was shown to perform better than F241 in peel at room temperature. 
Surprisingly, the relative performance of AVI 19 dropped significantly at raised 
temperature (50°C), with approximately 46% ultimate load drop for AVI 19 compared 
with 23% for F241, and the ultimate strengths now being almost equal (Table 4.6).
- In shear, AVI 19 was the stronger of the two adhesives under quasi-static loading 
conditions both at room temperature and at 50°C. In this configuration the relative 
performance of AVI 19 at 50°C dropped by only 15%, whereas F241 showed a drop 
in strength of 25%.
• Comparing creep test results:
- AV119 TAST joints showed a general trend in the creep tests, in that those loaded at 
and above 77% of their quasi-static strength failed within a relatively short time 
period, and those joints loaded below this (25 - 75%) are still ongoing after 20 
months. 'Straining' (via nut displacement in self-straining jigs) is observed in 
decreasing amounts as the percentage load on joints is reduced. Samples loaded above 
55% US show signs of interfacial cracking, although still maintaining their loads.
- Evidence of a 'delay period' prior to creep was observed for F241 TAST II specimens 
loaded at 80% of their static strength at room temperature.
- Much damage was observed in F241 TPeels, both at room temperature and at 50°C, in 
the form of interfacial cracks, whitening of the adhesive in the fillet region and 
cohesive damage. The level of damage incurred was dependent on the creep load and 
the test temperature, with high temperature tests showing the most damage. Less 
damage developed in AVI 19 TPeels although some small interfacial cracks were 
observed.
7 .3  Model Assessment
A material model has been developed for the adhesive F241. The test result from TAST 
joint TJ19 has been used to verify the model as this provides quantitative information on 
F241 joint performance at room temperature. The model reflects the behaviour of the bulk
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adhesive and shows a close fit to the experimental result for the TAST II joint. It is based 
on a scaled version of the standard Abaqus model for creep behaviour.
The effect of hydrostatic stress in the adhesive joints has been investigated, but problems 
were encountered in obtaining convergence before correlation to the experimental result was 
attained. Time was not available to address this problem but hydrostatic sensitivity certainly 
appears worthy of further investigation.
FE analyses have been carried out on seven configurations of TAST and TPeel joints of 
F241. The results of these analyses yield the following main conclusions:
• The predicted life of the TAST joint loaded at 60% of its quasi-static strength was found 
to be two orders of magnitude higher than that at 80% (for the same overlap length of 
12.5mm).
• For TAST joints, increasing the overlap length greatly reduces the creeping in a joint 
and thereby reduces the likelihood of failure due to creep.
• A TAST joint with an overlap length of 50mm was found to have a certain degree of 
creep occur in the centre of the joint overlap due to stress redistribution. Thus the 
concept of a non-creeping interior region appears to be misplaced.
• When assuming the failure criterion to be 66% creep strain, TPeel joints are shown not 
to fail due to creep even at loads as high as 84% of the nominal strength. This is 
consistent with experimental data.
7 .4  Further Work
Primarily, further tests are required on the adhesive F241, in TAST and TPeel 
configurations, to provide additional data sets for validation of the finite element analyses 
carried out. Cure and quasi-static test conditions used should be kept as close as possible to 
those used for the bulk samples of F241 as detailed in this thesis. Further work is 
recommended on the TAST II joint, to improve its quality so that consistent joint strengths 
can be achieved for F241 joints; low failure loads for this joint generally appeared to be due 
to uneven adhesive application. A better method for strain measurements of joints tested in 
the Instron test machine should be developed so that more accurate creep strain data can be 
obtained.
The self-straining jigs provide a useful means of obtaining life time data for small 
specimens placed under long term loading conditions. These could be used to investigate 
the creep performance of other adhesive systems which are easier to work with. They 
would be particularly useful for adhesives which show high strains to failure. Strain 
measurements could be obtained from change in overlap length or "end nut depth"
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measurements and are likely to be more accurate than for AVI 19 which has a relatively 
small strain to failure (3 - 6% for bulk samples; around 20% shear strain for TAST joints).
If a material model is to be developed for AVI 19, further tests on joints made from this 
adhesive need to be carried out in line with further tests on bulk samples. To improve 
specimen quality for the bulk material, it is suggested that the possibility of using 
centrifuged adhesive should be investigated further as such specimens were found to be 
superior in this work.
The two-phase model for F241 gave a good fit to the bulk data but showed poor correlation 
when applied to joints. It is recommended that this model be developed further, taking the 
effects of pressure sensitivity into account, leading to an accurate representation of the long 
term performance of adhesive joints bonded with F241.
The results from the FE analyses carried out, as detailed in chapter 6, provide an indication 
of the stress and strain distributions in TAST and TPeel joints bonded with F241, and 
illustrate how these change with time. The model can also be used to show the general 
effect of geometrical changes to joints. In order for more accurate magnitudes of stress and 
strain to be obtained the model requires further development and validation.
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APPENDICES
APPENDIX A
APPARATUS FOR MANUFACTURE OF BULK 
SPECIMENS OF AV119
PNEUMATIC DISPENSING UNIT USED TO BOND ADHESIVE 
JOINTS AND FILL MOULDS FOR BULK SPECIMEN PRODUCTION
Figure A1 shows the pneumatic dispensing unit which was used to aid in the bonding 
of adhesive joints at the University of Surrey and also to fill bulk moulds for production 
of bulk specimens of AVI 19.
Syringes were filled by injecting the adhesive directly from the large cartridges, which 
the adhesive comes in, into the syringes from the dispensing end towards the plunger to 
prevent air entrapment which might then lead to poor specimen quality.
The dispenser allowed a controlled flow of adhesive to be applied to adherends, a range 
of nozzles giving the desired flow width, and pressure control to select the flow rate. 
Generally the bulk moulds were filled directly from the large cartridges as the width of 
the dispensing nozzle was small enough to fit into the end of the mould for filling and 
flow rate control was not required. However, for the few samples made from 
centrifuged adhesive, smaller vessels were required to fit into the centrifuge unit. The 
small syringes which came with the pneumatic dispenser were suitable for this so they 
were used to allow the adhesive to be centrifuged and subsequently to fill the moulds 
for these specimens.
Figures A2 and A3 show the aluminium (courtesy of Dr. G. Richardson) and steel bulk 
moulds used to manufacture tensile specimens of AVI 19.
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Figure A2 Aluminium bulk mould for manufacture of bulk specimens of AVI 19
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APPENDIX B
MANUFACTURE OF ADHESIVE JOINTS
Figure B1 - assembly drawing of the jig used to manufacture F241 TASTII joints; 
Figure B2 - assembly drawing of the jig used to manufacture TAST I joints.
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APPENDIX C
BONDLINE DETAILS OF ALL JOINTS
TESTED
APPENDIX C
Bondline details of TPeel specimens of AV119
(measured on shadowgraph)
W1 W2 W3
Glueline
Thickness
Fillet
Specimens were cured at AEA, Harwell in February 1994.
Specimen Date of Test Config.*
W1
Bondline
W2 W3
Test
c6p 15/6/94 T-peel/1/25 ~ 0.825 Creep - Instron
c9p 22/7 /94 T-peel/1/25 1.787 0.681 0.7 240N /  72% - jig
clOp 10/6/94 T-peel/0.5/25 1.818 0.697 0.695 Creep - Instron
cl8p 2 /9 /9 4 T-peel/0.5/25 1.531 0.468 0.552 180N /  54% - jig
c25p 8 /9 /9 4 T-peel/0.5/25 1.327 0.456 0.537 Creep - Instron (50°C)
c68p 27/7 /94 T-peel/0.5/100 2.005 0.332 0.447 Creep - Instron
c46p 10/8/94 T-peel/0.5/25 1.44 0.221 0.216 240N /  72% - jig
c55p 10/8/94 T-peel/0.5/25 1.259 0.36 0.444 188N /  57% - jig
c48p 1 /9 /9 4 T-peel/0.5/25 1.434 0.424 0.447 Quasi-static: 50°C (225.5N)
c49p 1 /9 /9 4 T-peel/0.5/25 1.355 0.211 0.219 Quasi-static: 50°C (140N)
c52p 5 /9 /9 4 T-peel/0.5/25 1.247 0.373 0.453 177N /  95% - jig (50°C)
c53p 2 /9 /9 4 T-peel/0.5/25 1.335 0.168 0.181 Quasi-static: 50°C (146N)
* Nominal configuration - Bondline thickness /  fillet size
Appendix C E.Gomersall
Bondline details of TPeel specimens of F241
(measured on shadowgraph)
Specimens were cured at AEA, Harwell in March 1994.
Specimen Date of Test Comment Config. *
W1
Bond line 
W2 W3
Test
clOpf 13/12/94 T-peel/0.12 1.555 Creep - Instron
c llp f 30/10/95 T-peel/0.12 1.559 0.052 209N /  88% - jig
d 2p f 30/10/95 T-peel/0.12 1.535 0.046 235N /  98% - jig
c22pf 22/11/94 Not well polished T-peel/0.25 1.306 0.078 0.105 150N /  63% - jig
c23pf 22/11/94 Polished T-peel/0.25 1.243 0.07 0.075 200N /  84% - jig
c24pf 22/11/94 As c22p T-peel/0.25 1.117 0.092 0.072 200N /  84% - jig
c25pf 22/11/94 As c22p T-peel/0.25 1.186 0.067 0.072 150N /  63% - jig
c28pf 13/1/95 T-peel/0.25 1.359 0.061 (0.075) 0.068 120N /  65% - Instron/jig (50°C)
c29pf 16/1/95 T-peel/0.25 1.413 0.051 (0.07) 0.076 120N /  65% - Instron/jig (50°C)
c30pf 13/12/95 Not well polished T-peel/0.25 2.397 (2.030) 0.051 (0.042) 0.066 (0.068) Quasi-static: 50°C (123N)
c32pf 23/11/94 T-peel/0.25 1.656 0.082 (0.096) 0.075 Quasi-static: 50°C (176N)
c33pf 23/11/94 T-peel/0.25 1.234 0.060 (0.072) 0.077 Quasi-static: 50°C (141N)
* Nominal configuration - Bondline thickness (F241 TPeels did not have controlled fillet sizes)
c22pf,c24pf & c25pf all bent, so they would not fit in the polishing jigs.
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Bondline details of TAST I specimens of AV119
(measured on shadowgraph)
Fillet
Bondline
Overlap
j  d*** specimens were cured at AEA, Harwell;
! sa** specimens were cured at Surrey University.
Specimen D
Cured
ate
Tested
Config.* Bondi 
Thickness (mm)
ine (1)
Overlap (mm)
Test
dl27 Nov.93 18/5/94 TAST 1/0.25/12.5/n f 0.339 (0.309) 12.254 (12.304) Creep - Instron
dl29 if 17/8/94 TAST 1/0.5/12.5/nf 0.504 /  0.501 12.437 (12.431) Creep - Instron
dl30 " 18/8/94 TAST 1/0.5/12.5/nf 0.511 /  0.486 12.404 (12.413) Creep - Instron
sa71 13/6/94 21/6 /94 TAST I/0 .5 /6 /n f 0.51 (0.48) 5.54 (5.57) Quasi-static: RT (392N)
sa72 " 22/6 /94 TAST I/0 .5 /6 /n f 0.61 (0.61) 5.71 (5.75) Quasi-static: RT (385.5N)
sa73 " 22/6 /94 TAST I/0 .5 /6 /n f 0.48 /  0.50 5.72 /  5.70 100N /  25% - jig
sa74 fl 22/6 /94 TAST I/0 .5 /6 /n f 0.53 (0.53) 5.61 (5.54) 311N /  78% - jig
sa75 " 5 /9 /9 4 TAST I/0 .5 /6 /n f 0.56 /  0.53 5.61 /  5.61 Creep - Instron
sa76 " 10/8/94 TAST I/0 .5 /6 /n f 0.59 /  0.61 5.71 /  5.72 300N /  75% - jig
sa77 ll 22/7 /94 TAST I/0 .5 /6 /n f 0.54 /  0.59 5.47 /  5.59 310N /  77% - jig
sa78 " 22/7 /94 TAST I/0 .5 /6 /n f 0.59 5.65 /  5.51 235N /  59% -  jig
sa79 " 22/7 /94 TAST I/0 .5 /6 /n f 0.54 5.71 /  5.50 220N /  55% - jig
sa80 " 22/7 /94 TAST I/0 .5 /6 /n f 0.53 5.62 /  5.46 154N /  38% - jig
sa81 31 /8 /94 2 /9 /9 4 TAST I/0 .5 /6 /n f 0.43 /  0.42 5.76 /  5.77 Quasi-static: 50°C (342.5N)
sa82 ll 2 /9 /9 4 TAST I /0 .5 /6 /n f 0.55 /  0.57 5.94 /  5.97 Quasi-static: 50°C (350.5N)
sa83 " 8 /9 /9 4 TAST I/0 .5 /6 /n f 0.48 /  0.47 5.79 /  5.78 Quasi-static: RT (424.5N)
sa84 " 5 /9 /9 4 TAST I /0 .5 /6 /n f 0.59 /  0.61 5.92 /  5.92 277N /80% - jig (50°C)
sa85 " 5 /9 /9 4 TAST I /0 .5 /6 /n f 0.60 /  0.58 5.88 /  5.85 280N /  81% - jig (50°C)
* Nominal configuration - Bondline thickness /  overlap length /  fillet size or no fillet (nf)
1) Bondline measurements separated by a slash are measured on the same face, illustrating the variation along the length of the overlap; 
those separated by brackets are measured on opposite faces of the joint.
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Bondline details of TAST I specimens of F241
(measured on shadowgraph)
Specimens were cured at AEA, Harwell in May 1994.
Specimen Date
Tested
Comments Config. * Bom
Thickness (mm)
iline
Overlap (mm)
Test
d217f 28/10/94 Crooked bondline TAST I/0.1/12.5/nf 0.035 /  0.10 12.21 /  12.19 245N /  49% - jig
d218f 28/10/94 Adhesive overflow; adherends not flush TAST 1 /0 .1 /12.5/nf 0.07 (estimated) 12.15 /  12.20 184N /  37%-jig
d220f 26/10/94 Good joint. Some overflow TAST I/0.1/12.5/nf 0.11 /  0.08 12.14 /  12.14 184N /  37% - jig
d221f 28/10/94 Good joint TASTI/0.1/12.5/nf 0.10 /  0.085 12.12 /  12.13 245N /  49% - jig
d222f 28/10/94 Crooked bondline TASTI/0.1/12.5/nf 0.123 /  0.039 12.042 /  12.035 Quasi-static: 50°C (359N)
d224f 28/10/94 Crooked bondline TAST I/0.1/12.5/nf 0.094 /  0.063 12.235 /  12.212 Quasi-static: 50°C (338N)
d226f 12/1/95 TAST I/0.1/12.5/nf 0.132 /  0.077 12.188 /  12.208 Creep, Instron (50°C)
d229f 25/10/95 TAST I/0.1/6.25/nf 0.1 6.1 252N /  101% - jig
d230f 25/10/95 TASTI/0.1/6.25/nf 0.1 6 252N /101% - jig
* Nominal configuration - Bondline thickness /  overlap length /  fillet size or no fillet (nf)
1) Bondline measurements separated by a slash are measured on the same face, illustrating the variation along the length of the overlap;
those separated by brackets are measured on opposite faces of the joint.
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APPENDIX D
SUMMARY OF ALL QUASI-STATIC TESTING
CARRIED OUT
TAST I Toints:
Specimen Adhesive Configuration * Tester (1) Loading rate Machine Temp.(°C) UTS (MPa)
sa71 AVI 19 T A S T I/0 .5 /6 LG-Surrey 0.03mm/min. Instron 6025 RT(25) 40.8
sa72 AVI 19 TAST I /0 .5 /6 LG-Surrey 0.03mm/min. Instron 6025 RT(26) 40.2
sa83 AVI 19 TAST I /0 .5 /6 LG-Surrey 0.03mm/min. Instron 6025 RT(22) 44.2
TAST I/0.5/6 (1.6mm w ide) Mean: 41.8
38 AVI 19 TAST 1/1/12.5 Harwell 0.5mm/min. 20 40.0
39 AV119 T A ST I/1/12.5 Harwell 0.5mm/min. 20 38.7
TAST 1/1/12.5 Mean: 39.4
>1 AVI 19 TAST 1/0.5/12.5 Harwell 0.5mm/min. 20 42.5
52 AV119 TAST 1/0.5/12.5 Harwell 0.5mm/min. 20 43.7
TAST 1/0.5/12.5 Mean: 43.1
i
|
I181f F241 TAST 1/0.1/6.25 BLP-Surrey 0.03mm/min. SEM RT 7.3
I182f F241 TAST 1/0.1/6.25 BLP-Surrey 0.03mm/min. SEM RT 4.5
I183f F241 TAST 1/0.1/6.25 BLP-Surrey 0.03mm/min. SEM RT 18.0
I185f F241 TAST 1/0.1/6.25 BLP-Surrey 0.03mm/min. Instron 6025 RT 19.3
TAST 1/0.1/6.25 Mean: 12.2
| (Ignoring initial 2 values - M ean = 18.7MPa)
I -
37 F241 TAST 1/0.1/12.5 Harwell 0.1mm /min. RT 18.6
38 F241 T A STI/0.1/12.5 Harwell O.lmm/min. RT 21.2
39 F241 TAST 1/0.1/12.5 Harwell O.lmm/min. RT 18.0
40 F241 TAST 1/0.1/12.5 Harwell O.lmm/min. RT 21.4
58 F241 TAST 1/0.1/12.5 Harwell O.lmm/min. RT 26.2
TAST 1/0.1/12.5 Mean: 21.1
i81 AV119 T A S T I/0 .5 /6 LG-Surrey 0.03mm/min. Instron 6025 50 35.7
i82 AVI 19 T A S T I/0 .5 /6 LG-Surrey 0.03mm/min. Instron 6025 50 36.5
TAST I/0.5/6 @ 50°C (1.6mm w ide) Mean: 36.1
1 AVI 19 TAST 1/0.5/12.5 Harwell 0.5mm/m in. 50 34.0
I AVI 19 TAST 1/0.5/12.5 Harwell 0.5mm /m in. 50 32.9
7 AVI 19 TAST 1/0.5/12.5 Harwell 0.5mm/min. 50 30.6
TAST 1/0.5/12.5 @ 50°C Mean: 32.5
222f F241 T A STI/0.1/12.5 LG-Surrey 0.03mm/min. Instron 6025 50 14.36
224f F241 TAST 1/0.1/12.5 LG-Surrey 0.03mm/min. Instron 6025 50 13.52
TAST 1/0.1/12.5 @ 50°C Mean: 13.96
P F241 T A STI/0.1/12.5 Harwell O.lmm/min. 50 13.8
50 F241 TAST 1/0.1/12.5 Harwell O.lmm/min. 50 17.84
TAST 1/0.1/12.5 @ 50°C Mean: 15.8
Nominal configuration - Bondline thickness /  overlap length (none of these joints had controlled fillets) 
|) Tester - LG: E Gomersall, 1994; BLP: Brian Le Page, 1994.
All adherends 2mm wide unless stated otherwise.
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TPeel Joints
1
Specimen Adhesive Configuration * Tester (1) Loading rate Machine Temp.(°C) Peak strength (N /m m )
cl4p AV119 T Peel/0 .5 /25 BLP-Surrey 0.03mm/min. SEM RT 78.3
:15p AVI 19 T P eel/0 .5 /25 BLP-Surrey 0.03mm/min. SEM RT 75.5
:20p AVI 19 T P eel/0 .5 /25 BLP-Surrey 0.03mm/min. Instron 6025 RT 66.5
:21P AVI 19 T P eel/0 .5 /25 BLP-Surrey 0.03mm/min. Instron 6025 RT 71.0
TPeel/0.5/25 Mean: 72.8
L4 AV119 T P eel/0 .5 /25 Harwell 0.5mm /m in. RT 110.0
12 AV119 T P eel/0 .5 /25 Harwell 0.5mm /m in. RT 97.0
>3 AV119 T Peel/0 .5 /25 Harwell 0.5mm /m in. RT 80.0
>.4 AVI 19 T P eel/0 .5 /25 Harwell 0.5mm /m in. RT 86.0
TPeel/0.5/25 Mean: 93.3
!
1
14pf F241 TPeel/0.25 BLP-Surrey 0.03mm/min. SEM RT 67.3
15pf F241 TPeel/0.25 BLP-Surrey 0.03mm/min. SEM RT 58.5
16pf F241 TPeel/0.25 BLP-Surrey 0.03mm/min. Instron 6025 RT 33.0
17pf F241 TPeel/0.25 BLP-Surrey 0.03mm/min. Instron 6025 RT 39.5
TPeel/0.25 Mean: 49.6
3 F241 TPeel/0.25 Harwell 0.5mm /m in. RT 65.0
4 F241 TPeel/0.25 Harwell 0.5mm /m in. RT 60.0
: TPeel/0.25 Mean: 62.5
F241 TPeel/0.12 Harwell 0.5mm/m in. RT 61.0
F241 TPeel/0.12 Harwell 0.5mm/m in. RT 70.0
F241 TPeel/0.12 Harwell 0.5mm /m in. RT 70.0
TPeel/0.12 Mean: 67.0
18p AVI 19 TPeel/0 .5 /25 LG-Surrey O.lmm/min. Instron 6025 50 56.4
19p AVI 19 TPeel/0 .5 /25 LG-Surrey O.lmm/min. Instron 6025 50 35.0
53p AVI 19 TPeel/0 .5 /25 LG-Surrey O.lmm/min. Instron 6025 50 36.5
TPeel/0.5/25 @ 50°C Mean: 42.6
I AVI 19 T Peel/0 .5/25 Harwell 0.5mm /min. 50 48.0
3 AVI 19 T Peel/0 .5/25 Harwell 0.5mm /min. 50 46.0
1 AV119 T Peel/0 .5/25 Harwell 0.5mm /m in. 50 47.0
TPeel/0.5/25 @ 50°C Mean: 47.0
S2pf F241 TPeel/0.25 LG-Surrey 0.03mm/min. Instron 6025 50 44.0
53pf F241 TPeel/0.25 LG-Surrey O.lmm/min. Instron 6025 50 35.3
!0pf F241 TPeel/0.25 LG-Surrey 0.03mm/min. Instron 6025 50 30.8
TPeel/0.25 @ 50°C Mean: 36.8
5 F241 TPeel/0.25 Harwell O.lmm/min. 50 57.0
j F241 TPeel/0.25 Harwell O.lmm/min. 50 53.0
TPeel/0.25 @ 50°C Mean: 55.0
Nominal configuration - Bondline thickness /  fillet size 
) Tester - LG: E Gomersall, 1994; BLP: Brian Le Page, 1994. 
i All adherends 4mm wide.
Appendix D E.Gomersall
Summary Table of Mean Static Results for 
TPeel and TAST I Joints with scatter
Set
MPa
itter
O//o
Adhesive Configuration * No. of tests in batch Tester (1) Loading rate
Temp.
(°C)
UTS
(Mean) + - + -
AVI 19 TAST I /0 .5 /6 3 LG 0.03mm /m in RT 41.77 2.45 -1.61 5.86% -3.87%
AV119 TAST 1/0.5/12.5 2 Harwell 0.5mm /m in. 20 43.08 0.60 -0.60 1.39% -1.39%
AVI 19 T A ST I/1/12.5 2 Harwell 0.5mm /m in. 20 39.36 0.64 -0.64 1.63% -1.63%
F241 TAST 1/0.1/6.25 4 BLP 0.03mm/min, RT 12.24 7.04 -7.76 57.52% -63.40%
F241 ** 2 BLP 0.03mm/min. RT 18.64 0.64 -0.64 3.43% -3.43%
F241 TAST 1/0.1/12.5 5 Harwell O.lmm/min. RT 21.08 5.12 -3.08 24.29% -14.61%
AVI 19 TAST I /0 .5 /6 2 LG 0.03mm/min. 50 36.09 0.42 -0.42 1.15% -1.15%
AV119 TAST 1/0.5/12.5 3 Harwell 0.5mm /m in. 50 32.52 1.48 -1.88 4.55% -5.78%
F241 TAST 1/0.1/12.5 2 LG 0.03mm/min. 50 13.96 0.40 -0.44 2.87% -3.15%
F241 TAST 1/0.1/12.5 2 Harwell 0.5mm /m in. 50 15.80 2.04 -2.00 12.91% -12.66%
AV119 TPeel/0 .5 /25 4 BLP 0.03mm/min. RT 72.75 5.50 -6.25 7.56% -8.59%
AV119 T Peel/0 .5 /26 4 Harwell 0.5mm /m in. RT 93.25 16.75 -13.25 17.96% -14.21%
F241 TPeel/0.25 4 BLP 0.03mm/min. RT 49.56 17.69 -16.56 35.69% -33.42%
F241 TPeel/0.25 2 Harwell 0.5mm/m in. RT 62.50 2.50 -2.50 4.00% -4.00%
F241 TPeel/0.12 3 Harwell 0.5mm/m in. RT 67.00 3.00 -6.00 4.48% -8.96%
AV119 T Peel/0 .5/25 3 LG O.lmm/min. 50 42.63 13.75 -7.63 32.26% -17.89%
AVI 19 TPeel/0 .5 /25 3 Harwell 0.5mm/m in. 50 47.00 1.00 -1.00 2.13% -2.13%
F241 TPeel/0.25 3 LG 0.03mm/min. 50 36.75 7.25 -6.00 19.73% -16.33%
F241 TPeel/0.25 2 Harwell O.lmm/min. 50 55.00 2.00 -2.00 3.64% -3.64%
* Nominal configuration - Bondline thickness /  overlap length or fillet size.
** Same set of results as previous case but mean UTS calculated ignoring initial 2 poor results. 
(1) Tester - LG: E Gomersall, 1994; BLP: Brian Le Page, 1994.
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TAST II Toints:
a=12.4mm Bl=102.5mm 
b=6.1mm Tl=120mm
Test speed = O.lmm/min. unless stated otherwise. 
Adherend width = 9.475mm
Joints all bonded w ith  F241.
Joint details: Test details:
Specimen Bondline
(mm)
Overlap
(mm)
Failure
load
kN
Shear
strength
MPa
Mean batch 
shear strength 
(MPa)
Comments
Batch 1 (manuf.18/7/95)
21.49
TJ1 0.250 12.64 2.415 20.16 Air bubble. Test speed = 0.2m m /m in.
TJ2 0.190 12.65 2.722 22.71
TJ3 0.215 12.50 2.640 22.29
TJ4 0.200 12.72 2.507 20.80
Batch 2 (manuf.25/7/95)
23.90
TJ5 0.200 12.65 3.160 26.36
TJ6 0.220 12.85 3.060 25.13
TJ7 0.210 12.70 2.202 18.30 Voids in adhesive layer.
TJ8 0.195 12.48 3.052 25.81 Adherends not flush.
Batch 3 (manuf.6/9/95)
24.19
TJIO 0.220 12.25 3.098 26.69
TJll 0.410 12.27 2.312 19.89 Uneven bondline thickness.
TJ12 0.255 12.31 3.033 26.00
Batch 4 (manuf.22/9/95)
16.50
TJ13 0.270 12.57 3.125 26.24
TJ14 0.335 12.65 1.497 12.49
TJ15 0.320 12.50 1.657 13.99
TJ16 0.310 12.72 1.602 13.29
Batch 5 (manuf. 17/10/95)
26.04TJ17 0.220 12.80 2.270 18.72
TJ18 0.220 12.41 3.924 33.37
Creep test:
TJ19 0.150 12.62
Creep load
2.84
80%
Ultimate failure stress estimated 
from initial part of loading curve to 
be 29.7MPa.
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APPENDIX E
MONITORING OF SPECIMENS IN SELF­
STRAINING JIGS AND TEST RECORD 
SHEETS FOR ALL JOINTS SETUP
MONITORING OF STRAINING OF SPECIMENS SET UP IN SELF­
STRAINING JIGS
Figure El shows a drawing of the end cap which was used to monitor the straining of 
TAST I and TPeel joints loaded in the self-straining jigs. The cap was positioned over 
the bottom end of a jig, at the spring end (see figure 3.8 in chapter 3), and lined up with 
a mark on the side of the jig so that depth measurements were taken in the same 
positions each time. Three measurements were taken using a depth gauge which was 
extended through the holes in the end cap. The depth gauge measured in inches and 
gave readings to 0.001 of an inch. If the readings differed by more than 0.004", either 
with each other or from the previous reading, they were taken again to confirm them to 
be correct. The three readings were noted down on the test record sheet and an average 
calculated which could then be plotted against test duration giving an indication of the 
straining of the joint over time.
The joints were also inspected regularly using a light microscope. If any damage was 
observed this was noted on the record sheet, as was the ambient temperature and any 
other relevant information.
The test record sheets for each joint tested in a self-straining jig can be found in the 
following pages.
Appendix E E.Gomersall, 1997
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TPeel Specimen: c9p (240N /  72%)
Temperature during loading up: ~24°C
Mean original nut depth at load: 0.2935
[Jig no. 22, spring K2 ]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Readings N ut depth readings
Date /  Time Timelapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
22/7:11.45 0.289 0.292 0.285 Pre-loaded position
22/7:12.00 0 0.2935 0.297 0.29 0.0000 Loaded to 232N
26/7: 15.45 99.75 0.292 0.296 0.2895 -0.0010
27/7:15.30 123.5 0.2915 0.2955 0.289 -0.0015
28/7:10.00 142 0.292 0.2955 0.289 -0.0013
29/7:10.30 166.5 0.2915 0.2955 0.289 -0.0015
2/8:9 .30 261.5 0.292 0.2955 0.289 -0.0013
3/8:10.15 286.25 0.292 0.295 0.289 -0.0015 21 °C
4/8:11.15 311.25 0.291 0.295 0.289 -0.0018 22°C
5/8:10.30 334.5 0.291 0.295 0.289 -0.0018 22°C
8/8:10.15 406.25 0.291 0.295 0.289 -0.0018 20.5°C
24/8:11.30 791.5 0.2915 0.295 0.289 -0.0017
14/10:13.15 2017.25 0.2915 0.295 0.289 -0.0017
18/10:11.00 2111 0.291 0.2945 0.2885 -0.0022
26/10:15.15 2307.25 0.291 0.2945 0.289 -0.0020 21°C
31/10:14.15 2426.25 0.291 0.2945 0.289 -0.0020 20°C. Insp.
8/11:16.45 2620.75 0.291 0.2945 0.289 -0.0020 20°C
30/11:10.15 3142.25 0.291 0.295 0.2885 -0.0020 18°C
9/12:16.30 3364.5 0.2915 0.2945 0.2885 -0.0020 22°C
22/12:15.15 3675.25 0.291 0.2945 0.2885 -0.0022 20°C
9/1/95:10.45 4102.75 0.291 0.2945 0.288 -0.0023 21°C. Insp.
10/1:12.00 4128 0.291 0.2945 0.288 -0.0023 Before load check. 17°C in lab.
11/1:16.00 4156 0.2875 0.291 0.2845 -0.0026 19.5°C
17/1:15.30 4299.5 0.288 0.291 0.285 -0.0023 20°C
30/1:10.45 4606.75 0.288 0.291 0.285 -0.0023 20°C. Insp.
30/6: 9.45 8229.75 0.2875 0.291 0.285 -0.0025 24°C
2 /1 0  :16.15 10492.25 0.288 0.2915 0.285 -0.0021 23°C
11/3/96:11.00 14351 0.2875 0.2915 0.285 -0.0023 20.5°C
Values in italics are modified to account for the large change in nut depth position after the load  
check. This occured because the load had previously been held on the specimen via a grub screw 
tightened against the upper clevis; the grub screw was removed whilst the load on the specimen  
was maintained by the Instron and the usual method of holding load on the specimen (by tightei 
the nut against the shoulder of the jig) was applied.
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TPeel Specimen: cl8p (180N / 54%)
Temperature during loading up: ~24°C
Mean original nut depth at load (mm' 0.2683
[Jig no. 28, spring K2 ]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Reading N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.215 0.2135 0.208 Pre-loaded position
14 /1 0 /9 4 :1 3 .3 0 0 0.271 0.27 0.264 0.0000 Loaded to 180N
18/10:11.00 93.5 0.271 0.2695 0.2635 -0.0003
26/10:15.15 289.75 0.271 0.27 0.264 0.0000 21 °C
31/10:14.15 408.75 0.271 0.27 0.264 0.0000 20°C. Insp.
8/11:16.45 603.25 0.271 0.27 0.264 0.0000 „ „
30/11:10.30 1125 0.2705 0.2695 0.2635 -0.0005 18°C. Insp.
9/12:15.15 1345.75 0.271 0.2695 0.2635 -0.0003 22°C. Insp.
22/12:15.00 1657.5 0.2705 0.269 0.2635 -0.0007 20°C
9/1/95:10.30 2085 0.27 0.269 0.263 -0.0010 21°C. Insp.
20/1:13.30 2352 0.271 0.2695 0.2635 -0.0003 Load check (170N). Video 9 5 /1
30/1:9 .45 2588.25 0.27 0.2695 0.263 -0.0008 20°C. Insp.
30/6:9 .45 6212.25 0.271 0.269 0.263 -0.0007 24°C
2/10:16.15 8473.75 0.271 0.2695 0.2635 -0.0003 23°C
11/3/96:11.00 12332.5 0.27 0.269 0.263 -0.0010 20.5°C
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TPeel Specimen: c55p (188N / 57%)
Temperature during loading up: ~24°C
Mean original nut depth at load (mm' 0.2047
[Jig no. 29, spring K3]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.1835 0.183 0.182 Pre-load
9 /8 /9 4 :1 6 .3 0 0 Loaded to 188N
11 /8 :10 .30 42 0.2055 0.2055 0.203 0.0000 Checked load (in Instron); inspected
2 4 /8 :11 .30 355 0.2035 0.204 0.2015 -0.0017
14/10:13 .30 1581 0.203 0.203 0.2015 -0.0022 Insp.
18/10:11.00 1674.5 0.203 0.203 0.201 -0.0023 Insp.
26/10:15.15 1870.75 0.203 0.203 0.201 -0.0023 21 °C
31/10:14.30 1990 0.203 0.203 0.201 -0.0023 20 °C. Insp.
8/11:16.45 2184.25 0.203 0.203 0.201 -0.0023 " "
30/11:10.45 2706.25 0.203 0.203 0.201 -0.0023 18°C
9/12:16.15 2927.75 0.203 0.203 0.201 -0.0023 22°C
22/12:12:30 3238.5 0.203 0.203 0.201 -0.0023 20°C
9/1 /95:10 .45 3666.25 0.203 0.203 0.201 -0.0023 21°C. Insp.
20/1:14.00 3933.5 0.203 0.203 0.201 -0.0023 Load check. Video 95 /1
30/1:10.00 4169.5 0.203 0.203 0.201 -0.0023 20°C. Insp.
19/5:9.45 7794.25 0.203 0.203 0.201 -0.0023 Insp. - no change
30/6: 9.45 8802.25 0.203 0.203 0.201 -0.0023 24°C
2/10:16.30 11064 0.203 0.203 0.201 -0.0023 23°C
11/3/96:11.00 14922.5 0.203 0.203 0.201 -0.0023 20.5°C
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TPeel Specimen: c52p (170N / 95% /  50°C)
Temperature during loading up: 50°C
Mean original nut depth at load (mm): 0.2353
[Jig no. 33, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time o f Reading N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.2095 0.205 0.209 Pre-load
5 /9 /9 4 :1 4 .1 5 0 Loaded to 170N
1 7 /10 /94 :15 .00 1008.75 0.239 0.232 0.235 0 .0 0 0 0 55°C
2 6 /10:15 .15 1225 0.239 0.232 0.235 0 .0 0 0 0 55°C
31/10:13 .45 1343.5 0.238 0.232 0.235 -0.0003 " .Insp.
8 /11 :1 6 .4 5 1538.5 0.239 0.232 0.235 0 .0 0 0 0 tt
18/11:12 .15 1774 0.239 0.232 0.235 0 .0 0 0 0 54°C
30/11 :11 .00 2060.75 0.239 0.232 0.235 0 .0 0 0 0 55°C
22/12:15.15 2593 0.238 0.2315 0.235 -0.0005 50°C
9/1/95:9.00 3018.75 0.238 0.232 0.2345 -0.0005 53°C
1/2/95:12.00 3573.75 0.238 0.232 0.2345 -0.0005 50°C. Insp.
3/2/95:13.15 3623 0.238 0.232 0.2345 -0.0005 Bef. Load check. Video 95 /1
7/2/95:13.30 3719.25 0.238 0.2315 0.234 -0.0008 Several days after check.
19/5/95:10.00 6139.75 0.238 0.2315 0.234 -0.0008 Insp. N o change
27/6/95:11.30 7077.25 0.2375 0.231 0.2335 -0.0013 19°C. Oven accidentally switched  
off ~4 days. Insp.-no change
30/6/95:9.30 7147.25 0.238 0.2315 0.233 -0.0012 49°C.
4/10:13.00 9454.75 0.2375 0.2315 0.234 -0.0010 52.5°C. Insp.-no change
27/11:15.45 10753.5 0.2375 0.2315 0.234 -0.0010 Insp.-poss. interfacial crack
11/3/96:10.45 13268.5 0.2375 0.2315 0.234 -0.0010 50°C
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TPeel Specimen: c22pf (150 / 63%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm] 0.1963
[Jig no. 21, spring Kl]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.199 0.196 0.193 Pre-loaded state; Load reached before pre-load exceeded.
2 2 /1 1 :14.30 0 0.199 0.197 0.193 0.0000 Loaded @ 150N, @ 2.10pm
24/1111.45 45.25 0.199 0.1965 0.193 -0.0002 Small amount of whitening seen  end on.
30/11 9.30 187 0.1995 0.1965 0.193 0.0000
6/1215.00 336.5 0.1995 0.1965 0.193 0.0000 Insp.
9/1216 .45 410.25 0.199 0.1965 0.193 -0.0002
22/12:14.45 720.25 0.199 0.1965 0.193 -0.0002 20°C
5/1/95:14.00 1055.5 0.199 0.1965 0.193 -0.0002 19°C. Insp.
1/2/95:12.00 1701.5 0.199 0.1965 0.193 -0.0002 20°C. Insp.
8/3/95:15.45 2545.25 0.199 0.1965 0.193 -0.0002
18/5/95:13.45 4247.25 0.181 0.178 0.176 -0.0180 Insp. - cracks.
30/6/95:10.00 5275.5 0.1815 0.178 0.176 -0.0178 24°C (these values have been checked)
26/7/95:12.30 5902 0.1815 0.178 0.176 -0.0178 24°C. Video.
2/10/95:16.30 7538 0.1815 0.1785 0.176 -0.0177 23°C
25/10:18.15 8091.75 0.196 0.1935 0.1905 -0.0030 Load check-indicated to be 110N; increased to 150N
30/10:16.00 8209.5 0.196 0.193 0.191 -0.0030 Int. cracks visible-white region in from fillet
3/11:14.00 8303.5 0.1955 0.193 0.1905 -0.0033 21°C
27/11:16.30 8882 0.1955 0.193 0.19 -0.0035 Photos taken.
11/3/96:11.30 11397 0.1955 0.193 0.19 -0.0035 20.5°C. Insp.-cracks.
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TPeel Specimen: c25pf (150N / 63%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm  ^0.3735
[Jig no. 46, spring K3]
Mean original nut depth subtracted from subsequent mean readings to g ive nut movement in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.325 0.334 0.331 Pre-loaded state
22/1117.00 0 0.368 0.3765 0.376 0.0000 Loaded @ 150N, @ 5pm
24/1112.00 43 0.3675 0.376 0.376 -0.0003 N o whitening
30/1110.15 185.25 0.368 0.376 0.376 -0.0002 Insp.
6 /1 2  15.00 334 0.368 0.376 0.376 -0.0002 Insp.
9 /1 2  17.30 408.5 0.368 0.376 0.375 -0.0005 Insp.
22/12:14.45 717.75 0.368 0.376 0.375 -0.0005
5/1/95:14.00 1053 0.368 0.3755 0.375 -0.0007 19°C. Insp.
-10 /1 /95:10.30 1169.5 0.367 0.376 0.3745 -0.0010 Bef. load chk. 17°C in lab.
-10/1 /95:11 .30 1170.5 0.367 0.375 0.374 -0.0015 After load chk. (138N)
11/1/95:16.00 1199 0.367 0.375 0.374 -0.0015 19.5°C
1/2/95:12.15 1699.25 0.367 0.375 0.3745 -0.0013 20°C. Insp.
19/5/95:9.30 4264.5 0.367 0.375 0.374 -0.0015 Insp.
30/6/95:10.00 5273 0.366 0.374 0.374 -0.0022 24°C
26/7/95:11.30 5898.5 0.366 0.375 0.374 -0.0018 24°C. Video.
2/10:16.30 7535.5 0.367 0.374 0.3745 -0.0017 Very small amount of whitening seen
30/10:16.00 8207 0.367 0.374 0.374 -0.0018 from fillet end on. Poss. sm all cohesive
3/11:14.00 8301 0.366 0.374 0.3735 -0.0023 cracks starting within fillet region.
27/11:16.45 8879.75 0.365 0.374 0.374 -0.0025 Photos taken.
11/3/96:11.30 11394.5 0.3665 0.374 0.374 -0.0020 20.5°C
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TPeel Specimen: c23pf (200N / 84%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm] 0.2607
[Jig no. 50, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.261 0.261 0.2595 Pre-loaded state
22/1116.30 0 0.2605 0.2615 0.26 0.0000 Loaded @ 200N, @ 2.35pm
24/1111.45 43.25 0.261 0.2615 0.26 0.0002 Much whitening in from fillet
30/11 9.45 185.25 0.2605 0.2615 0.26 0.0000 Whitening visible from side
6/1215.00 334.5 0.2605 0.2615 0.26 0.0000 Some interfacial cracking
9 /12  17.00 408.5 0.2605 0.2615 0.26 0.0000 More small cracks at fillet.
22/12:2.45 718.25 0.2605 0.2615 0.26 0.0000 20°C
5 /l/9 5 :2 p m 1053.5 0.26 0.2615 0.26 -0.0002 19°C. Insp.
l/2 /95 :12p m 1699.5 0.26 0.2615 0.26 -0.0002 20°C. Insp.
14/2/95:1.45 2013.25 0.26 0.261 0.26 -0.0003 "
18/5/95:1.45 4245.25 0.26 0.261 0.26 -0.0003 Insp.
30/6/95:10.00 5273.5 0.26 0.2615 0.26 -0.0002 24°C
26/7/95:11.30 5899 0.26 0.261 0.26 -0.0003 24°C. Video.
2/10/95:4.30 7536 0.26 0.2615 0.26 -0.0002 23°C
25/10:6pm 8089.5 0.261 0.265 0.261 0.0017 Load check-indicated @ 180N, re­set @ 200N (nut pos. re-set)
26/10:10.30 8105.75 0.261 0.265 0.2605 0.0015
30/10:4pm 8207.5 0.261 0.265 0.2605 0.0015
3 /ll:2 p m 8301.5 0.2605 0.2645 0.26 0.0010
27/11:4.30 8880 0.261 0.2645 0.2605 0.0013
11/3/96:11.30 11395 0.2605 0.2645 0.26 0.0010
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Appendix E
TPeel Specimen: c24pf (200N / 84%)
Temperature during loading up: ~20°C
Mean original nut depth at load (m n\ 0.2640
[Jig no. 42, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.218 0.217 0.2165 Pre-loaded state
22/1116.45 0 0.2645 0.2645 0.263 0.0000 Loaded @ 200N, @ 4.42pm
24/1112.00 43.25 0.264 0.264 0.263 -0.0003 As c23p. Photo
30/11 10.00 185.25 0.264 0.264 0.2625 -0.0005 "
6/1215 .00 334.25 0.264 0.264 0.263 -0.0003 Insp. Internal cracking
9 /1 2  17.15 408.5 0.264 0.264 0.2625 -0.0005 Insp. Photo.
22/12:14.45 718 0.263 0.263 0.262 -0.0013 20°C (Checked values by re­positioning depth jig.)
5/1/95:14.00 1053.25 0.263 0.263 0.2615 -0.0015 19°C
20/1/95:14.15 1413.5 0.263 0.263 0.2615 -0.0015 Load check (210N). Video 95 /1
1/2/95:12.15 1699.5 0.2625 0.2625 0.261 -0.0020 20°C. Insp.
19/5/95:9.30 4254.75 0.2625 0.2625 0.261 -0.0020 Insp. - more cracks?
30/6/95:10.00 5273.25 0.262 0.262 0.261 -0.0023 24°C. Insp. (as 19 /5 /9 5 )
26/7/95:11.30 5898.75 0.262 0.262 0.261 -0.0023 24°C. Video-lots of damage
4/9:11.30 6858.75 0.261 0.2615 0.26 -0.0032 dropped 3 1 /8 /9 5 . Photos taken.
2/10:16.30 7535.75 0.261 0.2615 0.26 -0.0032 23°C
30/10:16.00 8207.25 0.261 0.261 0.2595 -0.0035
Whitening and int. cracks; more 
cohesive damage-looks like its 
about to fail.
3/11:14.00 8301.25 0.261 0.261 0.261 -0.0030
27/11:16.45 8880 0.261 0.2615 0.26 -0.0032 Photos taken.
11/3/96:11.30 11394.75 0.261 0.2615 0.2595 -0.0033 20.5°C
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TPeel Specimen: c l lp f  (209N / 88%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm' 0.2032
[Jig no. 5X spring Kl]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.197 0.2005 0.198 Pre-loaded state
30/10/95:12.30 0.0000 Loaded @ 209N, @ 12.30pm; Cross- head pos.=0.73mm__________________
2.15pm 1.75 0.202 0.207 0.2005 -0.0008 Cross-head pos.=0.75mm. Int. cracks
2.45pm 2.25 0.202 0.2065 0.2 - 0.0012
4.15pm 3.75 0.2025 0.207 0.2 -0.0008
3 /ll:2 p m 97.5 0.2025 0.2075 0.2005 -0.0005
27/11:4.30 676 0.202 0.2065 0.2005 - 0.0010
11/3/96:11.15 3190.75 0.202 0.2065 0.2005 - 0.0010 20.5°C. Insp.-cracks
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Appendix E
TPeel Specimen: cl2pf (235N / 98%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm' 0.2707
[Jig no. 10, spring Kl]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.2145 0.219 0.2165 Pre-loaded state
30/10/95:14.45 0 0.0000
Loaded @ 235N, @ 2.45pm;cross- 
head pos.=1.54; left in Instron for 1 
hour.
15.45 1 0.266 0.274 0.272 -0.0008 Cross-head pos.=1.56. Int. cracks.
16.00 1.25 0.2655 0.2735 0.2715 -0.0013 Insp.- Poss. small cohesive cracks.
3/11:14.00 95.25 0.265 0.273 0.271 -0.0018
27/11:16.45 674 0.2645 0.2725 0.271 -0.0022
11/3/96:11.30 3188.75 0.2645 0.2725 0.271 -0.0022 20.5°C. Insp.-cracks
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Appendix E
TPeel Specimen: c28pf (120N /  65% / 50°C)
Temperature during loading up: 50°C
Mean original nut depth at load (mm' 0.2152
[Jig no. 8, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Readings N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3 Nut change (") Comments
0.187 0.187 0.189 Pre-loaded state
13/1/95:12.00 Loaded @ 120N, left in Instron
In HOLD at 1.41mm cross-head position, in Instron for ~70 hours.
0.25 1.43 -0.0008
0.5 1.45 -0.0016
1.47 -0.0024
1.48 -0.0028
1.5 -0.0035
1.51 -0.0039
40 1.52 -0.0043
60 1.53 -0.0047
70 1.53 -0.0047
16/1/95:11.00 71 0.2145 0.214 0.217 -0.0047 Removed from Instron.
16/1/95:14.15 74.25 0.2145 0.214 0.217 -0.0047 Insp.
1/2/95:17.30 461.5 0.214 0.2135 0.217 -0.0050 Insp.
3/2/95:13.15 505.25 0.2145 0.2135 0.217 -0.0049 Load check (118N)
7/2/95:13.30 601.5 0.214 0.2135 0.217 -0.0050 Insp. As before
19/5/95:10.00 3022 0.2145 0.214 0.217 -0.0047 Insp.
27/6/95:11.15 3959.25 0.214 0.213 0.217 -0.0052 19°C - oven OFF since ~23/6 . Insp. - no change
30/6/95:9.30 4029.5 0.214 0.213 0.217 -0.0052 49°C
26/7/95:13.00 4657 0.214 0.2125 0.2165 -0.0055 54°C. Video-coheisive damage, (moved to incubator)
4/10:13.15 6337 0.214 0.213 0.217 -0.0052 52.5°C. Insp.-as before
27/11:15.45 7635.5 0.2135 0.213 0.2165 -0.0055 Photos
11/3/96:10.45 10150.5 0.2135 0.2125 0.2165 -0.0057 50°C
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Appendix E
TPeel Specimen: c29pf (120N / 65% / 50°C)
[Jig no. 12, spring K3]Temperature during loading up: 50°C
Mean original nut depth at load (mm' 0.3510
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time o f Readings Nut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3 Nut change 0 Comments
0.372 0.366 0.368 Pre-loaded state
16/1 /95:12 .00 0 0.0000 Loaded @ 120N, left in Instron
0.5 -0.0004 After half an hour, m oved 0.01mm.
16/1 /95:16 .00 4 -0.0004 Removed from Instron.
1 /2 /95:17 .30 385.5 0.355 0.35 0.348 -0.0004 Insp.
3/2/95:13.15 429.25 0.355 0.35 0.349 -0.0001
7/2/95:13.30 525.5 0.355 0.35 0.348 -0.0004 Insp.
19/5/95:10 2946 0.355 0.35 0.3485 -0.0002 "
27/6/95:11.30 3883.5 0.354 0.349 0.348 -0.0011 19°C. - Oven OFF since ~23/6 . Insp.
30/6/95:9.45 3953.75 0.3545 0.3495 0.348 -0.0007 49°C.
26/7/95:13.00 4581.25 0.354 0.3495 0.348 -0.0009 54°C. Video-cohesive damage, (moved to incubator)
4/10:13.15 6261.5 0.355 0.35 0.348 -0.0004 52.5°C. Insp.-as before
27/11:15.45 7560 0.355 0.35 0.348 -0.0004 Photos taken.
11/3/96:10.45 10075 0.355 0.35 0.348 -0.0004 50°C. Insp.-lots of damage.
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Appendix E
TAST Specimen: d220f (184N / 37%)
Temperature during loading up: '-20°C
Mean original nut depth at load (mm): 0.3185
[Jig no. 18, spring K3]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Reading N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.296 0.295 0.293 Pre-loaded state
20/10/94:13.00 0 0.32 0.3185 0.317 0.0000 Loaded at 1pm @ 184N
26/10/94:14.45 145.75 0.32 0.318 0.317 -0.0002 21 °C
31/10:14 .00 265 0.32 0.318 0.317 -0.0002 20°C. Insp.1/11.
8 /11 :17.00 460 0.32 0.318 0.3165 -0.0003 20°C. Insp.
30/11 :11.00 982 0.3195 0.318 0.316 -0.0007 18°C
22/12:14.30 1513.5 0.3195 0.318 0.3165 -0.0005 20°C
5/1/95:14.45 1849.75 0.32 0.318 0.3165 -0.0003 19°C. Insp. N o change
10/1/95:10.00 1965 0.3195 0.318 0.3165 -0.0005 Bef. load check - 17°C in lab.
10/1/95:11.00 1966 0.3195 0.318 0.3165 -0.0005 After load check (levelled at 114.5N); Jig dropped!
11/1/95:16.15 1995.25 0.3185 0.3155 0.315 -0.0005 19.5°C. Insp. N o change
1/2/95:12.30 2495.5 0.318 0.316 0.315 -0.0005 20°C. Insp.
25/4/95:15.45 4490.75 0.318 0.316 0.315 -0.0005
30/6/95:10.00 6069 0.3175 0.316 0.315 -0.0006 24°C
2/10:16.45 8331.75 0.318 0.316 0.315 -0.0005 23°C
11/3/96:11.15 12190.75 0.318 0.316 0.315 -0.0005 20.5°C
V a lu e s  in  ita lic s  m o d if ie d  to  a c c o u n t  fo r  th e  fa c t th a t  th e  j ig  w a s  d r o p p e d  o n  th e  floor; 
T h e  n u t  m a y  h a v e  m o v e d  i f  it  h a d  b e e n  ca u g h t a g a in s t  th e  in s id e  o f  th e  jig  a n d  w a s  fr e e d  
o p o n  im p a c t w ith  th e  flo o r .
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Appendix E
TAST Specimen: d218f (184N / 37%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm): 0.3120
[Jig no. 17, spring K3]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovement in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.2875 0.2875 0.286 Pre-loaded state
28/10/94:14.45 0 0.312 0.312 0.312 0.0000 Loaded @ 184N
31/10 :14 .15 71.5 0.3115 0.311 0.3115 -0.0007 20°C. Insp.1/11.
2 /11 :15.30 120.75 0.3115 0.311 0.311 -0.0008 19°C. Insp.
8/11 :17.00 266.25 0.3115 0.311 0.311 -0.0008 20°C ."
30/11 :11.00 788.25 0.311 0.3105 0.311 -0.0012 18°C
22/12:14.30 1319.75 0.311 0.311 0.3105 -0.0012 20°C
5/1/95:14.45 1656 0.311 0.311 0.3105 -0.0012 19°C. Insp.
1/2/95:12.30 2301.75 0.311 0.31 0.3105 -0.0015 20°C. Insp.
8/3/95:15.45 3145 0.311 0.31 0.311 -0.0013 Load check - 130N
3145.5 0.311 0.31 0.311 -0.0013
25/4/95:15.45 4297 0.3105 0.31 0.3105 -0.0017
30/6/95:10.00 5875.25 0.311 0.31 0.311 -0.0013 24°C
2/10:16.45 8138 0.311 0.311 0.311 -0.0013 23 °C
11/3/96:11.15 11997 0.3105 0.31 0.3105 -0.0017 20.5°C
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Appendix E
TAST Specimen: d217f (245N /  49%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm): 0.2680
[Jig no. 24, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Reading N ut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.233 0.235 0.231 Pre-loaded state
28/10/94:13.45 0 0.268 0.27 0.266 0.0000 Loaded @245N
31 /10 /94:14 .15 72.5 0.2675 0.27 0.266 -0.0002 20°C. Insp.1/11.
8 /11 :17 .00 267.25 0.267 0.2695 0.265 -0.0008 "
11/11 :11.30 333.75 0.267 0.2695 0.265 -0.0008 "
30/11 :10.45 789 0.267 0.269 0.265 -0.0010 18°C
22/12:14.30 1320.75 0.267 0.269 0.265 -0.0010 20°C
5/1/95:14.45 1657 0.267 0.269 0.265 -0.0010 19°C. Insp.-poss. starting to crack interfacially.
1/2/95:12.30 2302.75 0.267 0.269 0.265 -0.0010 20°C. Insp. Slight crack at com er opp. to ch.
8/3/95:14.30 3144.75 0.267 0269 0.265 -0.0010 20°C. Insp.-no change
8 /3  :15.00 3145.25 0.267 0.269 0.265 -0.0010 Load check - load indicated @200N
25/4/95:15.45 4298 0267 0.269 0.2645 -0.0012
19/5/95:9.45 4868 0.267 0.269 0.2645 -0.0012 Insp. no damage visible
30/6/95:10.00 5876.25 0.267 0269 0.2645 -0.0012 24°C
2/10:16.30 8138.75 0.2665 0.269 0.2645 -0.0013 23 °C
11/3/96:11.15 11997.5 0.2665 0.269 0.2645 -0.0013 20.5°C
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TAST Specimen: d221f (245N /  49%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm): 0.2962
[Jig no. 20, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut m ovem ent in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.208 0.21 0.209 Pre-loaded state
28/10/94:14.15 0.2955 0.297 0.296 0.0000 Loaded @245N
31/10:14 .15 72 0.2955 0.297 0.296 0.0000 20°C. Insp.1/11 (crack?)
2/11 :15.30 121.25 0.2955 0.297 0.296 0.0000 19°C. Insp.
8/11 :17.00 266.75 0.295 0.297 0.2955 -0.0003 20°C. Insp.
11 /11:11 .30 333.25 0.2955 0.297 0.2955 - 0.0002 20°C. Insp.
30/11 :10.45 788.5 0.295 0.297 0.295 -0.0005 18°C
22/12:14.30 1320.25 0.295 0.297 0.295 -0.0005 20°C
5/1/95:14.45 1656.5 0.295 0.2965 0.295 -0.0007 19°C. Insp. N o  change
20/1/95:14.45 2016.5 0.295 0.297 0.295 -0.0005 Load check. Video 95/1
1/2/95:12.30 2302.25 0.2955 0.297 0.2945 -0.0005 20°C. Insp. N o change
25/4/95:15:30 4297.25 0.295 0.296 0.295 -0.0008
18/5/95:13.30 4847.25 0.295 0.2965 0.295 -0.0007 Insp. - no change
30/6/95:10.00 5875.75 0.295 0.2965 0.295 -0.0007 24°C
2/10:16.45 8138.5 0.295 0.296 0.2945 - 0.0010 23°C
11/3/96:11.15 11997.5 0295 0.296 0.294 - 0.0012 20.5°C
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TAST Specimen: sa73 (100N / 25%)
Temperature during loading up: 26°C
Mean original nut depth at load (mm): 0.3778
[Jig no. 41, spring K3]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Reading N ut depth readings
Date /  Time Time lapsed (hrs) Ref.l Ref. 2 Ref. 3
Nut Depth 
change (") Comments
22/6:1.30pm 0 0.378 0.3775 0.378 0.0000 Loaded at approx. 100N (?), as clevis reached shoulder.
3.40pm 2.1667 0.379 0.378 0.379 0.0008 Taken to lab (cooler env.)
24/6:10am 44.5 0.379 0.378 0.379 0.0008
2 7 /6 :lla m 117.5 0.378 0.3765 0.378 -0.0003
4/7:1.15pm 287.75 0.378 0.3765 0.3775 -0.0005
5/7:9.45 308.25 0.378 0.376 0.378 -0.0005
18/7:9.45am 620.25 0.3775 0.376 0.378 -0.0007
20/7:9.45 668.25 0.377 0.376 0.378 -0.0008
4/8:11.15 1029.75 0.377 0.376 0.378 -0.0008 22°C
8/8:10.00am 1124.5 0.377 0.377 0.378 -0.0005 20.5°C. Insp. 23/9-cr.?
31/10:2pm 3144.5 0.377 0.377 0.3785 -0.0003 20°C Insp.-can't see crack.
18/11:11.45am 3574.25 0.377 0.377 0.3785 -0.0003 In box file. In sp .7 /ll-a s  31 /10
22/ll:12p m 3670.5 0.377 0.377 0.379 -0.0002 Load check ???
22 /11:4pm 3674.5 0.376 0.377 0.378 -0.0008 After load check
30/ll:10.15am 3860.75 0.377 0.375 0.378 -0.0012 18°C
8/12:4.30pm 4059 0.376 0.375 0.378 -0.0015 20°C. Insp.
22/12:3pm 4393.5 0.376 0.375 0.378 -0.0015 20°C
9/1/95:9.45 4820.25 0.3765 0.375 0.3775 -0.0015 21 °C. Insp.
30/1/95:9.15 5323.75 0.3765 0.375 0.3775 -0.0015 20°C. Insp.
25/4/95:15.30 7370 0.3765 0.375 0.378 -0.0013
30/6/95:9.45 8948.25 0.3765 0.375 0.378 -0.0013 24°C
2/10/96:3.30pm 11209 0.3765 0.375 0.378 -0.0013 23°C
11/3/96:10.30 15068 0.376 0.376 0.378 -0.0012 20.5°C
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TAST Specimen: sa80 (154N /38%)
Temperature during loading up: 24°C
Mean original nut depth at load (mm): 0.2535
[Jig no. 49, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut depth 
change (") Comments
22/715 .30 0.1995 0.198 0.198 0.1985 Pre-loaded state
22/715 .45 0 0.254 0.2535 0.253 0.0000 Loaded at 15.45 @ 154N
26/715.45 96 0.254 0.2535 0.253 0.0000
27/715 .30 119.75 0254 0.254 0.253 0.0002
28/710 .30 138.75 0.253 0.254 0.253 -0.0002
29/710 .30 162.75 0.253 0.254 0.253 -0.0002
2 /8  9.30 257.75 0.253 0.254 0.253 -0.0002 In large storage oven
3 /810 .00 282.25 0.253 0.254 0.2525 -0.0003 216C
4/811 .15 307.5 0.253 0.2535 0.2525 -0.0005 22°C
5 /8  10.30 330.75 0.253 0.2535 0.2525 -0.0005 "
8/810 .15 402.5 0.253 0.2535 0.2525 -0.0005 20.5°C
14/10 13.30 2013.75 0.253 0.253 0.2525 -0.0007
17/1015.15 2087.5 0.253 0.253 0.2525 -0.0007
26/1015.00 2303.25 0.253 0.2525 0.252 -0.0010 21 °C
31/1014.00 2422.25 0.253 0.253 0.2525 -0.0007 20°C. Insp.
18/1112.00 2852.25 0.253 0.2525 0.252 -0.0010 In box file. Insp.
30/1110.45 3139 0.253 0.2525 0.252 -0.0010 18°C. Insp.
9 /12  15.00 3359.25 0.253 0.2525 0.252 -0.0010
22 /1 2:3pm 3671.25 0.253 0.2525 0.252 -0.0010 20°C
9/1/95:10.15 4098.5 0.253 0.2525 0.252 -0.0010 21C. Insp.
2 0 /1 /95:4.15pm 4368.5 0.253 0.2525 0.252 -0.0010 Video 95/1
30/1/95:9.45 4602 0.2525 0.2525 0.252 -0.0012 20°C. Insp.
8/3/95:2.30 5494.75 0.253 0.2525 0.2525 -0.0008
Load check; removed grub screw. 
Load indicated @ 143N, check 
showed 147N
8 /3  :3pm 5495.25 0.25 0.25 0.25 -0.0008 After check.
25/4/95:3.30 6647.75 0.25 0.25 0.25 -0.0008
19/5/95:10 7218.25 0.25 0.25 0.25 -0.0008 Insp.- no change
30/6/95:9.45 8226 0.25 0.25 0.25 -0.0008 24°C
2 /10:4pm 10487.25 0.25 0.25 0.25 -0.0008 23°C
11/3/96:10.30 14345.75 0.25 0.25 0.25 -0.0008 20.5°C
V a lu e s  in  ita lic s  m o d if ie d  to  a c c o u n t for  s l ig h t  c h a n g e  in  n u t  p o s it io n  w h e n  g ru b  sc r e w  r e m o v e d .
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Appendix E
TAST Specimen: sa79 (220N / 55%)
Temperature during loading up: 24°C
Mean original nut depth at load (mm): 0.3178
[Jig no. 14, spring Kl]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3 Nut change (") Comments
22/7/94 15.00 0.239 0.243 0.241 0.2410 Pre-loaded state
22/7/9415.30 0 0.316 0.32 0.3175 0.0000 Loaded at 15.25 @ 220N
26/7/94 15.30 96 0.3155 0.3195 0.317 -0.0005
27/7/94 15.30 120 0.316 0.319 0.3185 0.0000
28/710.30 139 0.315 0.32 0.318 -0.0002
Measurements sometimes differ 
due to inaccurate positioning of 
depth jig.
29/710.30 163 0.316 0.319 0.318 -0.0002
2/8 9.30 258 0.3145 0.3185 0.316 -0.0015 In large storage oven
3/810.00 282.5 0.314 0.318 0.3155 -0.0020 21 °C
4/8/94 11.15 307.75 0.314 0.318 0.316 -0.0018 22°C
5/8/94 10.30 331 0.314 0.3185 0.3155 -0.0018 "
8/8 10.00 402.5 0.313 0.318 0.3155 -0.0023 20.5°C
9/8 9.45 426.25 0.314 0.3185 0.316 -0.0017 20°C
18/8 16.00 648.5 0.3145 0.3185 0.316 -0.0015
14/1013.30 2014 0.313 0.318 0.315 -0.0025
17/10 15.00 2087.5 0.313 0.317 0.315 -0.0028
26/1015.45 2304.25 0.313 0.318 0.315 -0.0025 21 °C
31/1014.00 2422.5 0.313 0.318 0.315 -0.0025 20°C. Insp.
7/11 9.15 2585.75 0.313 0.318 0.315 -0.0025 19°C. Insp.
8/11 16.30 2617 0.312 0.317 0.314 -0.0035 20°C. Insp. (End cap may not have been flat)
18/1112.00 2852.5 0.312 0.317 0.314 -0.0035 In box file
30/11 10.45 3139.25 0.3125 0.3175 0.314 -0.0032 18°C
8/12 17.00 3337.5 0.3125 0.3175 0.3145 -0.0030 20°C. Insp.
22/12:15.00 3671.5 0.311 0.317 0.314 -0.0038 20°C
9/1/95:10.15 4098.75 0.311 0.317 0.314 -0.0038 21 °C. Insp.
20/1/95:16.15 4368.75 0.3135 0.317 0.314 -0.0030 Video 95/1
30/1/95:9.45 4602.25 0.313 0.3175 0.315 -0.0027 20°C. Insp.
14/2/95:1.45 4966.25 0.3125 0.317 0.3145 -0.0032 "
8/3/95:4.30 5497 0.3125 0.317 0.3145 -0.0032 Load check; grub screw removed
8/3:4.45 5497.25 0.308 0.313 0.31 -0.0032 load indicated @214N; checked - @223N
25/4/95:3.30 6648 0.309 0.313 0.311 -0.0025
18/5/95:1.30 7198 0.308 0.312 0.312 -0.0029
30/6/95:9.45 8226.25 0.309 0.3125 0.311 -0.0027
26/7/95:12.30 8853 0.308 0.313 0.31 -0.0032 24°C. Video - crack
2/10:3.45 10488.25 0.3075 0.313 0.31 -0.0034 23°C
11/3/96:10.30 14347 0.308 0.313 0.31 -0.0032 20.5°C
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Appendix E
TAST Specimen: sa78 (235N /  59%)
Temperature during loading up: ~24°C
Mean original nut depth at load (mm): 0.3217
[Jig no. 44, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed Ref. 1 Ref. 2 Ref. 3 Change (") Comments
22/7:2.25pm 0.279 0.282 0.2815 0.0000 Pre-loaded state
3pm 0 0.32 0.322 0.323 0.0000 Loaded at 2.50pm @ 235N
26/7:3.30pm 96.5 0.319 0.321 0.323 -0.0007
27/7:3.30pm 120.5 0.319 0.321 0.3225 -0.0008
28/7:10.20am 139.33 0.319 0.3215 0.3225 -0.0007
2/8:9.30am 258.5 0.319 0.321 0.322 -0.0010 In large storage oven
3/8:10.10am 283.167 0.319 0.321 0.322 -0.0010 21 °C
4/8:11.15am 308.25 0.3185 0.3205 0.322 -0.0013 22°C
5/8:10.30am 331.5 0.318 0.32 0.322 -0.0017 "
8/8:10.05am 403.08 0.318 0.32 0.3215 -0.0018 20.5°C
9/8:10.05am 427.08 0.318 0.32 0.322 -0.0017 20°C
18/8:3.50pm 648.8 0.3175 0.3195 0.321 -0.0023 Insp. 23/9-cracks visible
14/10:1.20pm 2014.33 0.317 0.319 0.321 -0.0027 Insp.
17/10:3.05pm 2088.08 0.317 0.319 0.321 -0.0027 Insp.18/10
26/10:2.45pm 2303.75 0.317 0.319 0.3205 -0.0028 21 °C
31/10:2pm 2423 0.317 0.319 0.3205 -0.0028 20°C. Insp.
7/ll:9.15am 2586.25 0.317 0.319 0.3205 -0.0028 19°C. Insp.
8/ll:4.35pm 2617.58 0.317 0.319 0.3205 -0.0028 20°C
ll/ll:11.15am 2684.25 0.317 0.319 0.3205 -0.0028 20°C. Insp.
18/ll:11.55am 2852.92 0.317 0.319 0.3205 -0.0028 In box file
30/ll:10.15am 3139.25 0.3165 0.319 0.32 -0.0032 18°C
8/12:5.10pm 3338.1667 0.3165 0.319 0.3205 -0.0030 20°C. Insp.
22/12:3pm 3672 0.316 0.3185 0.32 -0.0035 20°C
9/l/95:10am 4099 0.316 0.3185 0.32 -0.0035 20°C. Insp.
17/1/95:3.30pm 4296.5 0.316 0.318 0.32 -0.0037 20°C. (Video 20.1.95)
30/l/95:9.30am 4602.5 0.3165 0.318 0.32 -0.0035 20°C. Insp.
14/2/95:13.45 4966.75 0.316 0.318 0.32 -0.0037 "
8/3/95:16.15 5497.25 0.316 0.318 0.32 -0.0037 Load check; grub scr. removed
After check 5497.5 0.3125 0.315 0.317 -0.0037 showed 227N; nut tightened; checked - 239N
25/4/95:15.30 6648.5 0.312 0.315 0.317 -0.0039
18/5/95:13.30 7198.5 0.312 0.315 0.317 -0.0039 Insp. As before, poss. cracks spread slightly
30/6/95:9.45 8226.75 0.312 0.315 0.3165 -0.0041 24°C
26/7/95:11.15 8852.25 0.312 0.315 0.3165 -0.0041 24°C. Video -cracks
2/10:3.30 10488.5 0.312 0.3145 0.3165 -0.0042 23°C
27/11:4.15 11833.25 0.312 0.3145 0.3165 -0.0042 Photo
11/3/96:10.30 14347.5 0.312 0.3145 0.316 -0.0044 20.5°C
Appendix E
0 2000 4000 6000 8000 10000 12000 14000 16000
0.0000
-0.0005
'Z -0.0010<D
X
g -0.0015
X  - 0.0020 ai
§ -0.0025 
>
g -0.0030
Cracks first observed @ 650hrs
-0.0035
-0.0040
-0.0045
Time (hrs)
Appendix E
TAST Specimen: sa76 (300N /  75%)
Temperature during loading up: ~20°C
Mean original nut depth at load (mm): 0.2860
[Jig no. 14, spring Kl]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed (hrs) Ref.l Ref. 2 Ref. 3
Nut
movement (") Comments
0.209 0.208 0.21 Pre-load position
1 0 /8 :10am 0 0.287 0.2845 0.2865 0.0000 Loaded position
1 1 /8 :11am 25 0.287 0.2845 0.2865 0.0000
1 8 /8 :3.45pm 197.75 0.286 0.284 0.286 -0.0007
2 2 /8 :10.45am 288.75 0.2865 0.284 0.286 -0.0005
2 4 /8 :11.30am 337.5 0.286 0.284 0.286 -0.0007
26/10:2.45pm 1852.75 0.286 0.2835 0.286 -0.0008 21 °C
31/10:2pm 1972 0.286 0.2835 0.286 -0.0008 20°C. Insp.
18/ll:11.45am 2401.75 0.286 0.2835 0.2865 -0.0007 In boxfile.
30/ll:10.15am 2688.25 0.286 0.283 0.2855 -0.0012 18°C
8/12:4.45pm 2886.75 0.286 0.283 0.286 -0.0010 20°C. Insp.
22/12:3pm 3221 0.285 0.2825 0.285 -0.0018 20°C
9/l/95:10am 3648 0.285 0.282 0.2845 -0.0022 21°C. Insp.
20/l/95:10am 3912 0.285 0.2825 0.2855 -0.0017 20°C. Sil.gel. pink. Load check
30/1/95:9.30am 4151.5 0.2855 0.2825 0.2855 -0.0015 20°C. Insp. New sil.gel
25/4/95:3.30 6197.5 0.285 0.2825 0.285 -0.0018
18/5/95:1.30 6747.5 0.285 0.282 0.285 -0.0020 Insp.
30/6/95:9.45 7775.75 0.2845 0.282 0.284 -0.0025 24°C
2/10:3.30 10035.6 0.284 0.282 0.283 -0.0030 23°C
11/3/96:10.30 13885.5 0.2825 0.28 0.283 -0.0042 20.5°C. Cracks
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TAST Specimen: sa84 (277N / 80% / 50°C)
Temperature during loading up: 50°C
Mean original nut depth at load (mm): 0.2517
[Jig no. 3, spring K2]
Mean original nut depth subtracted from subsequent mean readings to give nut movement in inches.
Time of Reading Nut depth readings
Date /  Time Time lapsed (hrs) Ref. 1 Ref. 2 Ref. 3
Nut
movement (") Comments
0.2265 0.2255 0.2285 Pre-loaded position
5/9:15.15 0 Loaded to 277N
17/10:2.45pm 1007.5 0.252 0.25 0.253 0.0000 55°C
26/10:3.15pm 1224 0.2515 0.2505 0.253 0.0000 55°C
31 /1 0 :1.45pm 1342.5 0.2515 0.251 0.253 0.0002 55°C. Insp.
2/11:3.45 1392.5 0.251 0.251 0.2525 -0.0002 55°C. Insp.
1 8 /11 :12.15pm 1773 0.251 0.251 0.2525 -0.0002 54°C
30 /1 1 :11am 2059.75 0.251 0.251 0.253 0.0000 55°C
22/12/94:3.15pr 2592 0.251 0.2505 0.2525 -0.0003 50°C
9/I/95:9am 3017.75 0.251 0.251 0.2525 -0.0002 53°C
l/2/95:12pm 3572.75 0.251 0.2505 0.252 -0.0005 50°C. Insp.
3/2/95:1.15 3622 0.251 0.251 0.252 -0.0003
19/5:10 6138.75 0.251 0.2505 0.2525 -0.0003 Insp. No change.
27/6:11.30 7076.25 0.2505 0.25 0.252 -0.0008 19°C OVEN OFF!! (since 23/5) Insp.-no change
30/6:9.30 7146.25 0.2505 0.25 0.252 -0.0008 49°C.
26/7/95:1.30 7774.25 0.251 0.25 0.252 -0.0007 54°C. Video - no damage
4/10:lpm 9453.75 0.2505 0.25 0.252 -0.0008 52.5°C -insp. No damage.
27/ll:3.45pm 10752.5 0.25 0.2495 0.252 -0.0012 Inps. no change
11/3/96:10.45 13267.5 0.25 0.2495 0.2515 -0.0013 Small crack
(AO)
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APPENDIX F
DESIGN DRAWINGS FOR JIG LOADING JIG
(Courtesy of Brian Le Page)
Stress Tube Crosshead Adaptor (pt.a)
2 5 .0
o
in
CM
Brian Le Page 
CDR 621
Material: Mild Steel 
Quantity: 1 off 
General Tolerance: 0.2mm 
All Dimensions in Millimetres 
Not to Scale
15.75 o
o
15.75
o
■ e
< ?
N-
CD
OCO
l A
o
in
I
Stress Tube Crosshead Adaptor (p.tb)
31.5
o
o'
o
o
o
o '
o
O
31.7
Brian Le P a g e  
CDR 621
Material: Mild S teel 
Quantity: 1 off 
General Tolerance: 0.2mm  
All D im ensions in Millimetres 
Not to S ca le
o
lO- 0  31.5
■1 5/16 INCH 
x 28 TPI
3.0
APPENDIX G
LOADING AND LOAD CHECK PLOTS FOR 
TESTS SET UP IN SELF-STRAINING JIGS
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APPENDIX H
MAGNIFICATION CALIBRATION GUIDELINES
MAGNIFICATION CALIBRATION
Graticule in travelling microscope for x 1.3 objective:
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APPENDIX I
FAILURE SURFACES OF TAST II JOINTS
OF F241
FAILURE SURFACES OF TAST II JOINTS OF F241
TJ2 - 22.7MPa TJ8 - 25.8MPa
TJ10 - 26.7MPa TJ13 - 26.2MPa
ioor joints- gaps in
TJ15 - 14MPa TJ17 - 18.7MPa
ve
TJ18 - 33.4MPa
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APPENDIX J
CALCULATIONS FOR CONVERTING CREEP 
STRAIN RATE FROM TIME HARDENING TO 
STRAIN HARDENING
From equation 5.6 in section 5.5: 
ecr = 2L.ab. tcad
Making t the subject of the formula gives:
r \l{c.od)
a .a 1
For TIME HARDENING (differentiating equation 5.6 with respect to time): 
ecr -  a. c. <rb. <7d. t (‘c-<fd~1)
where p is the creep strain rate.
For STRAIN HARDENING (substituting for t):
£cr = a. C. (Jb . crd.
1 !{c.ad)
cr
a. a 1
a.c.o* .a* A - ^ A A  —
a .a u J £,
l/(c.<7 )
a .o h<------- >
£. cr „
Appendix J E.Gomersall.
APPENDIX K
USER SUBROUTINE FOR PRESSURE SENSITIVE
ABAQUS MODEL,
AS DESCRIBED IN SECTION 5.6
**
*CREEP, LAW=USER
**
*USER SUBROUTINE
SUBROUTINE CREEP (DECRA,DESWA,STATEV,SERD,ECO,ESWO,P,QTILD,
1 TEMP,DTEMP,PREDEF,DPRED,TIME,DTIME,CMNAME,LEXIMP,LEND,
2 COORDS,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC)
C
INCLUDE ’ABA_PARAM.INC
C
CHARACTER*8 CMNAME
C
DIMENSION DECRA(5),DESWA(5),STATEV(*),PREDEF(*),DPRED(*),TIME(2), 
1 COORDS(*)
C
C DEFINE CONSTANTS 
C
A=2.5e-7
b=3.35D0
c=-0.7798D0
S=2.5D0
C
Q=(S+L0D0)*QTELD/(2.0D0*SHS-1.0D0)*3.0D0*P/(2.0D0*S)
C
IF (Q.LT.O) THEN 
Q=0.0D0 
END IF
IF (KINC.EQ. 1 .OR.KINC.EQ.2) THEN 
E=(QTILD/800)*1.0D-6 
ELSE
E=ECO 
END IF
C
IF (LEND.EQ.O. AND.KINC.EQ. 1) THEN 
DECRA( 1 )=0.0D0 
ELSE
DECRA(l)=(A*Q**b*(E*(c+1.0D0))**c)**
1 (1.0D0/(c+l .ODO))*DTIME
IF (LEND.EQ.l) THEN
DECRA( 1)=(A*Q* *b*((E+DECRA( 1 ))*
1 (c+1.0D0))**c)**(1.0D0/(c+1.0D0))*DTIME
END IF 
END IF
DES WA( 1 )=0.0D0
RETURN
END
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APPENDIX L
BRIEF DISCUSSION ON EFFECTS 
PRESSURE SENSITIVITY
RATIO OF COMPRESSIVE TO TENSILE FLOW STRESSES (S)
Equation 5.8 in chapter 5 gives a pressure sensitive equivalent stress in terms of the 
original stress, the hydrostatic stress and a constant 'S', which is the ratio of 
compressive to tensile flow stresses. The equation is shown again below, where qmod 
is the modified equivalent stress, q is the original equivalent stress value as given in 
Abaqus, P is the hydrostatic stress (positive P signifies hydrostatic compression) and S 
is the ratio of compressive to tensile flow stresses.
q m o d = - ^ q -  ^  3P
1. In tension, q = at (tensile stress), P = -at / 3, therefore,
Q m o d  =  ^ t .
2. In pure shear, P = 0 and q = T V3, therefore,
(S+l) (S+l) _ ,„  . .
Qmod = 2S q  = ~2S T ^3’ glVing
2S 2S
T =  ( (S + l ) V 3 ) qmod= ( ( S + l W 3 ) CTt
This relationship is used below to compare the response of the bulk adhesive (F241) 
with the response of a shear joint as obtained in this project.
Figures LI and L2 illustrate the tensile stress / strain response and shear stress / strain 
response respectively. The maximum tensile stress for F241 at room temperature is 
shown to be 25MPa with a maximum strain to failure of approximately 50%, and in 
shear an ultimate shear stress of approximately 26.5MPa is seen with a strain to failure 
in excess of 300%.
An unlimited yield criteria would suggest that the maximum value the shear stress 
would reach would be (q/^3), i.e. 14.4MPa. Clearly the observed shear stress is far 
greater than this.
Taking qmod = crt = 25MPa, chart L3 shows how the shear stress increases with S. 
From this chart it can be seen that a high value of 'S' appears reasonable as, even for a 
value of S = 3, the shear stress is still only at 22MPa, i.e. lower than that which has 
been found in tests.
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Figure L I Average tensile stress /  strain response for bulk F241 samples.
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Figure L 2 Approx. quasi-static shear stress /  strain response for F241 TA STII joint.
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F igure L3 Shear stress versus ratio o f compressive to tensile flow stresses
F241 is however a very rate sensitive adhesive and the bulk and joint data as compared 
here are not entirely compatible as the test rates used were dissimilar. For the bulk 
samples, test rates of 2 and 0.02% were used, and for the TAST II samples the shear 
strain rate was approximately 50% / minute (O.lmm/minute for a 0.2mm bondline 
thickness), which equates to 29% tensile strain rate.
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APPENDIX M
FEA MESHES AS USED TO ANALYSE TAST
AND TPEEL JOINTS
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APPENDIX N
EXTRACTS FROM TECHNICAL DATA SHEETS
FOR F241 AND AV119
Technical Data
Permabond F241, F245, F246 
Toughened Acrylic Adhesives
The all British range
Permabond Toughened Acrylic Adhesives
GENERAL DESCRIPTION
P erm abond grades  F241, F245 and F246 are to u g h en ed  acrylic adhesives  which are used  in conjunc­
tion with an initiator to give rapid, room  tem p era tu re  curing system s. T hese adhes ives  have outs tanding  
resistance to peel, impact and sh ea r  forces; excellent durability, and the  ability to bond a wide variety of 
materials including oily steel (exceptions are rubbers,  P.T.F.E., and polyolefins).
BENEFITS
All th ree  adhesive  sys tem s offer the  following:
Rapid cure at room te m p e ra tu re —-no heating or long jigging t im es necessary.
Simple to use — m ay be used  without mixing or m etering com ponents .
Very high strength  — especially under  peeling or shock loads.
Minimum surface preparation — will even bond oily steel.
Range of cure sp eed s  available depend ing  upon  initiator used  — m ay be tailored to  production 
processes.
Excellent durability — can exceed  su b s tra te  durability.
Widely tes ted  and specified — m eets  various M.O.D. specifications.
F241 m ee ts  the  v igorous requ irem ents  of DTD 5577 (airframe structures).
F245 is a low odour, non-flamm able system .
F246 sh o w s  improved bond durability on glass, ceram ics and so m e  grades  of aluminium.
Typical Applications
Replacem ent of conventional adhes ives  w here  durability, brittleness or cure schedu les  (either t im e 
or tem perature) are a problem.
Replacem ent of welding, brazing or soldering especially in view of corrosion and safety cons ider­
ations or w hen dissimilar materials are involved.
Replacem ent of riveting, screwing or bolting to give uniform s tress  distribution and improved joint 
appearance.
Physical Properties
F241 F245 F246
A ppearance 
Specific Gravity 
Viscosity
Shelf Life (stored at 5-25°C)
Viscous off-white liquid 
1.0 
30,000 cP 
1 year
Viscous off-white liquid 
1.0 
50,000 cP 
6 m on ths
Viscous off-white liquid 
1.0 
30,000 cP 
9 m on ths
Method of Use
P erm abond toughened  acrylics have been  des igned  to be easy  to use and  in m ost  applications 
initiator level is not critical. The adhesives  m ay be applied in tw o basic ways.
1. Separate  applications of adhesive  and initiator.
This is the most widely used procedure and is suitable for m ost applications; the exceptions being those  
w here  very large gaps  are to be filled or w here  ultra-rapid production rates are necessary .
The recom m ended  technique is as  follows:
a. Apply initiator sparingly to  one  surface, the  use  of excess  initiator will only reduce s treng th  and  
not give a faster cure. Initiator m ay be b rushed  on, w iped on with a cloth or applied using th e  
Initiator Pen Applicator or au tom atic  d ispenser  such  as  a P erm abond Pulse Pack.
1
b. The adhes ive  is applied to  th e  second  com ponen t,  preferably as  a bead, in such  a pattern as  to 
ensu re  no air is t rapped  as th e  joint is assem bled .
Spreading  adhes ives  F241 and F246 prior to joint assem bly  will result in a lowering of joint 
s trength  and  durability. F245 m ay be spread .
The adhes ive  is applied directly from the  tube  or cartridge, or by use of pneum atic  d ispensers  
such a s  the  P erm abond  Pulse Pack.
A dhesive containers should  be kept closed w hen  not in use.
Good U\T\
O Bad (Causes air entrapment)
Application Pattern
c. The joint should  be  a ssem bled  im mediately  and  light clamping p ressu re  em ployed  until 
handling s trength  is achieved. Disturbance of the  joint prior to achieving handling s treng th  will 
reduce bond strength.
d. General:
If bonding porous substra tes  it is preferable to  apply initiator to the porous  surface and  it m ay be 
necessary  to  apply m ore  than  one  coat.
The on-part life for the  initiator is 6 hours  and that for the adhesives  F241 and  F246 is less than  5 
m inutes so it is reco m m en d ed  th a t  co m p o n en ts  are assem bled  immediately after application of the  
adhesive.
A single application of initiator is recom m ended  for gaps  up to 0.020" (0.5mm); for g ap s  up to 0.030" 
(0.75mm) initiator should  be applied to both surfaces. Using this techn ique  it is possible  to  fill g ap s  up 
to 0.060" (1.5mm) but caution is advised due  to the  potential difficulty in applying adhes ive  to  oily layers 
of initiator, dan g e rs  of contam ination  and the  reduction in cure speed . For g ap s  exceeding  0.030" 
(0.75mm) consideration  shou ld  be given to  pre-mixing adhesive and  initiator or the  use  of Perm abond  
VOX sys tem s (see back page).
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A d h esiv e : F241
In itia to r: No. 1 (1 o r2 s id e a p p lic a t io n )
S u b s tra te :  S tee l
Handling tim e m inutes
A d h esiv e : F 2 4 1 ,F 2 4 5 o r F246
In itia to r: In itia to r N o. 1 a p p lie d  to  b o th  s id e s
S u b s tra te :  S tee l
2
Increasing tem p era tu re  increases cure sp eed  as  shown. Every 8°C rise (or fall) in tem p era tu re  halves (or 
doubles) cure time.
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E ffect of tem p e ra tu re  on  handling tim e
2. Pre-Mixing Adhesive and initiator
This m ay  be done  by hand  or by the  u se  of a static mixer. Mixing by hand  is satisfactory for small 
occasional applications a lthough variable cure ra tes m ay result due  to air inhibition. It is especially 
im portant th a t  due  note is taken of handling precautions and allowance m ade  for exo therm s which m ay 
be considerable  depending  upon the  quantity  mixed.
Static mixers suitable for large vo lum e production are available and our Technical Service 
Departm ent will be pleased to advise.
Adhesive Coverage
Important: The figures show n below give a gu ide to the  approxim ate  am o u n t  of adhesive to  fill a 
joint. Allowance m ust be m ad e  for w astage ,  etc.
Bead
Diameter
Volume of adhesive ml.
15 50 150 320 1000
1.5mm C/i6") 7.5 25 75 160 500
3m m  C/s") 1.8 6 18 40 125
6m m  C/4") 0.4 1.5 4.5 9.5 30
Bead Length in m etres for Standard Pack S izes
An adhesive  bead 1.5mm (Vie") d iam eter will squeeze  dow n to cover a 25m m  (1") wide strip giving 
an adhesive  thickness of 0.075mm (.003").
An adhesive bead 3m m  (Vs") d iam eter will squeeze  dow n to cover a 25m m  (1") w ide strip giving an 
adhesive  thickness of 0.3mm (0.012").
An adhesive  bead 6m m  (Va") diam eter will squeeze  down to cover a 25m m  (1") w ide strip giving an 
adhesive  thickness of 1.2mm (0.049").
Choice of initiator
Two s tandard  initiators, Nos. 1 and 5, are available with the  following characteristics:
Colour Brown
A ppearance Oily non-drying liquids
Handling Times No. 1 2— 5 m inutes
No. 5 30— 60 seconds
32
28
24
20
16
12
8
4
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Handling tim e (m inutes)
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For the  highest s trength  Initiator No. 1 is reco m m en d ed , the  use  of No. 5 results in a lowering of 
strength  by up to  25% depend ing  on how  easily surfaces  are wetted. Where so m e  tim e is required to 
align and  jig co m p o n en ts  the  use  of s low er initiators is suggested .
These  initiators cover m ost  s ituations but for special cases, alternative initiators are available.
Initiator No. 6:
A solvent based, dry film forming, initiator giving fast handling t im es (typically 15— 30 seconds) for 
use on porous surfaces.
Although the  rapid cure d o es  result in a lowering of bond s trength  the dry film property  sh o w s 
benefits on plastics susceptib le  to  s tress  cracking, w here  initiator migration is a potential problem , or 
w here  an oily initiator is not acceptable.
Initiator MPP360:
Designed for use with static mixing equipm ent.
Initiator MPP460:
For use on zinc based  surfaces. Cure sp eed  and  o ther characteristics similar to  Initiator No. 5.
Strength Characteristics
The bond s trength  achieved with to u g h en ed  acrylic adhesives  will depend  on several factors 
including the  nature of the  substra te ,  choice of initiator and  bond line thickness. Typical f igures are:
F241 F245 F246
S hear  Strength  
Peel S trength 
Impact S trength
35MPa(5000 Ibs.f.in.'2) 
150 N/25 m m  
> 4 9 J  (36ft. lbs)
25MPa(3600 Ibs.f.in.'2) 
120 N/25 mm 
> 4 9 J  (36 ft. lbs)
35MPa(5000 Ibs.f.in.'2) 
150 N/25 m m  
> 4 9 J  (36ft. lbs)
Chemical Resistance
The resistance of Perm abond  F adhes ives  to  m ost chemicals is very good, the  exceptions being 
strong acids, s trong alkalis and  ketonic solvents. The chemical resistance of any adhes ive  will be 
influenced by the  joint design, duration of exposu re  and  tem pera tu re .  The table sh o w s  so m e  typical 
figures for F241.
% S trength  Retention after 7 days 
Immersion at 23°C
Water 94
Petrol 94
Toluene 92
Lubricating oil 96
Lubricating oil (100°C) 71
Antifreeze 93
Joint Durability
When exposing joints to aggressive environments it is important to  ensure the substrates are suitably 
protected o therw ise joint integrity is at risk simply due  to  corrosion of th e  substrate. One of th e  m ateria ls  
particularly sensitive in this w ay is alum inium  and  it is well recognised in certain industries, e.g. the  
aircraft industry, that a lum inium , regard less  of w h e th e r  it is being bonded  or not, has  to be trea ted .  The 
level of t rea tm en t necessary  d o es  vary with the  g rade  of aluminium.
Perm abond  to u ghened  acrylic adhes ives  have been  very thoroughly  evaluated in this area  and  for 
exam ple F241 has been found to  be superio r to m any  types  of adhesives  in its ability to  give durab le  
joints even on poorly protected aluminium*.
Accelerated durability testing has  been  carried out in several w ays including subjecting joints to  40°C 
and  95% relative humidity for 4000 hours  and  by use  of th e  Boeing W edge Test with s tre ssed  joints in 
water. In both th ese  cases  the  tes ts  are extrem ely  severe  and in th e  W edge Test the  im portance  of crack 
growth has  been a sse ssed  as  follows.*
Crack growth up to 12.7mm — adhesive  suitable for pe rm anen t  repair of primary aircraft s tructures.  
Crack growth up to 38.0mm — adhesive  suitable for pe rm anen t  repair of secondary  aircraft s tructures.
^British A irw ays report in "In ternational Jo u rn a l of A dhesion  & A dhesives" Oct. 1982 p. 239—247.
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Effect of surface preparation on durability 
Wedge Test — Alloy 2014TF Clad
In addition the following W edge Test results w ere obtained on alum inium  5251 H3, an alloy widely 
used  in structural applications.
Crack grow th  m m
Initiator Surface Preparation Application Technique F241 F245 F246
No. 1 None Adhesive as bead, initiator spread 12.4 17.9 15.6
A brade + d eg rease Adhesive as bead, initiator spread 7.1 9.2 3.2
A brade +  d eg rease Adhesive and  initiator premixed 7.6 9.3 -
A brade + deg rease Adhesive spread and initiator spread - 10.6 -
S .I .P .+abrade+degrease Adhesive as bead, initiator spread 4.5 - -
Chromic acid etch Adhesive as  bead, initiator spread 3.7 - 4.2
No. 5 Abrade + degrease Adhesive as bead, initiator spread 8.4 10.9 -
Chromic acid etch Adhesive as bead, initiator spread 5.5 - 4.8
Effect of surface preparation and application technique on durability.
Permabond's Self Indicating Pretreatment (SIP)
A very  simple and effective pretreatment can be carried out using the Permabond SIP Kit.
The kit comprises three com ponen ts  supplied in the correct ratios and these m aybe easily mixed and 
used prior to bonding. SIP will clearly indicate if the surface has been uniformly prepared which in turn will 
help ensure a sound bond. SIP also provides a chemical bond between the surface and the adhesive, which 
is very strong and durable. Maximum performance can then be achieved without the  need to  handle the  
hazardous chemicals involved with the acid etch treatments.
5
These results are supported by humidity testing:
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A dhesive: F241/No. 1 Initiator
Effect of surface preparation on durability 
Humidity testing at 40°C 95% R.H.
T em perature Resistance
Perm abond F241 and F246 will maintain structural integrity over a wide range of tem peratures  from 
-60°C to +  120°C. The joint strength will depend upon the  nature of the substrate and the joint geometry.
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Effect of temperature on bond strength, Permabond F241 and F246
At tem p era tu res  above  ab o u t  120°C joint s treng th  is lost. However the  adhes ive  can w ithstand  
ex posu re  a t tem p era tu res  as  high as  180°C for sh o r t  periods (typically 30 m inu tes  d epend ing  upon 
substra te)  providing the  joint is adequately  supported . Jo in t  s trength  is res tored  on cooling. 
Perm abond  F245 is suitable for tem pera tu res  from  -60°C to  +100°C.
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Substrates
Certain substra tes  require special a ttention and  th e  following information can be supp lem en ted  by 
m ore  detail from our Technical Service Department.
ABS/Polyphenylene oxide/Polycarbonate
These and so m e  other plastics are  susceptib le  to  s tre ss  cracking which can occur w hen  s tress  is 
p resen t in the plastic due  to the  moulding p rocess  or external loads. In th ese  situations care should  be 
exercised as liquid initiator can relieve this s tress  allowing failure of the  plastic. To reduce this risk the  
quantity  of initiator applied should  be kept to a m in im um  and excess  initiator remaining outs ide  th e  
cured joint be removed. The use  of Initiator No. 6 or pre-mixing initiator and  adhesive will usually  reduce 
this potential problem.
Aluminium
As described previously this material needs  special attention an d  normally a durable  joint can be 
obtained by bonding freshly ab raded  and  d eg reased  surfaces. For th e  h ighest perform ance chrom ic acid 
etching is recom m ended.
The following tab les  indicate the  levels of durability th a t  can be expected  on representa tive  alloys 
using different levels of preparation.
Adhesive: F241/Initiator No. 1
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Glass and Ceramics
Due to th e  chemical na tu re  of glass, such joints invariably suffer degradation  with t im e especially 
under humid conditons. The use  of P erm abond  F246 or S.I.P. Primer will give greatly enhanced  
durability.
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Initial jo in t s tre n g th  
U n p rim ed  g la s s  a fte r 
500h a g e in g  F241/N o.5.
S.I.P. p rim ed  g la s s  a fte r  
500h a g e in g  F241/N o.5. 
U n p rim ed  g la s s  a fte r 
1000h a g e in g  F246/M PP 460
Steel: Glass joint durability 
Humidity testin g  at 40°C 95% R.H.
Reinforced Plastics
T hese adhesives  give excellent results on a wide variety of reinforced plastics. For exam ple  results 
ob tained by the  Admiralty indicate P erm abond  F241 has  superior durability co m p ared  with G.R.P. To 
counter  the  possibility of m ould  re lease  agen ts  being present it is reco m m en d ed  th a t  G.R.P. subs tra tes  
are lightly ab raded  prior to  bonding.
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A O rig inal S tre n g th
B A g ed  4000h  
a t 40°C, 95%  RH.
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B
SMC: SMC Joint durability
H ours E x p o su re  
GRP: GRP Joint durability- 
Humidity ageing at 70°C 90% RH.
Polyurethane
This po lym er com es in various fo rm s and  normally toughened  acrylics can be  u sed  on e las tom ers  
and rigid foam s. Light surface abrasion prior to  bonding is recom m ended.
Steel
Perm abond  to u g h en ed  acrylic adhes ives  have the  ability to give joints of good  durability even on oily 
steel.
A Initial S tre n g th  
B 4000h  h u m id ity  a g e in g  
C 4000h  a g e in g  a t a m b ie n t
16
CD
12
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4
CA B
A d h esiv e : F241 /ln itia to r No. 5
Uncleaned stee l joint durability- 
Humidity testin g  at 40°C 90% RH.
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Zinc
Zinc coa tings are available in m any different fo rm s resulting in variable perform ance. On som e 
surfaces the  use  of Initiator MPP460 gives superior results.
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Joint durability on zinc substrates- 
Humidity testin g  at 40°C 95% RH.
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Specifications
P erm abond  F241 is un ique in conforming to  DTD 5577, Type 2, Class 2P (the specification covering 
adhesives  for airframe structures) and  is also available on A.F.S. re lease 1646.
P erm abond  F245 is available to  A.F.S. release 1646.
P erm abond  F241, F245 and  F246 m ay be supplied  with Certificates of Conformity and cus tom ers  
requiring re lease notes are requested  to ensure  the  relevant ordering procedure  is followed.
Handling
P erm abond  F241 and F246 are f lam m able (flash point 13°C) and  should  be s tored  accordingly. 
P erm abond  F245 has a high flash point but should  be s to red  aw ay from naked flames.
These  adhesives  should  be s tored  at 5—-25°C, protected from frost and containers  should  be resealed  
after use.
Shelf lives are: F241 — 1 year, F245 — 6 m onths, F246 — 9 m onths.
Initiators
These  are powerful reducing agen ts  and whilst generally  safe, should  not be s to red  in conjunction 
with oxidising materials such as peroxides. The initiators have a shelf life of 1 year  w hen  s to red  at 
5—25°C. All initiators have a high flash point.
Hygiene
While th e se  adhesives  are not believed to be particularly hazardous it is known th a t  so m e  individuals 
are susceptib le  to m ethacrylate and related esters  and  m ay display skin irritation and  sensitivity on 
p rolonged exposure. Barrier cream  should be used  and  ventilation should  be sufficient to  rem ove the  
odour.
Relevant safety d ocum en ts  relating to the  adhesive and  initiators are available on  request.  
Availability
The adhes ive  and its initiator m ay be obtained in kit form for small jobs, o r  in d ru m s  for large scale 
work. It is su g g es ted  th a t  initial large purchases  be m ad e  in th e  ratio 20 : 1 of adhes ive  and  initiator 
respectively.
Small Scale
15ml Kit com prising: 15ml tube  Adhesive and 5ml bottle (inc. application brush) Initiator No. 5.
50ml Kit com prising: 50ml tube  Adhesive and 5ml bottle (inc. application brush) Initiator No.5.
150ml Kit comprising: 150ml tube  Adhesive and  15ml bottle (inc. application brush) Initiator No. 5.
320ml s ta r te r  kit com pris ing : 320ml cartridge (inc. nozzle) Adhesive, 35ml bottle Initiator No. 5, Cartridge 
gun and  Initiator application brush
Large Scale
Adhesive: 5 litre polythene containers  or 25 litre drum s.
Initiators: 1 or 5 litre containers.
Note: On all Kits Initiator No. 5 is supplied as s tandard  un less  o rdered  otherwise.
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The information given in this Data Sheet is the result of laboratory tests and experience. It is intended only 
as a guide in selecting the appropriate grade of Permabond. Users should satisfy them selves that the 
product is suitable for its intended purpose. Perm abond products are covered by patents in various parts of 
the world.
FOR APPLICATIONS NOT SUITED TO TOUGHENED ACRYLIC ADHESIVES CONSIDERATION MAY BE 
GIVEN TO PERMABOND VOX™
This new  range of toughened adhesives is based  on the Perm abond VOX™ resin technology. They 
comprise two com ponents which are mixed using static mixers (via machines or coaxial cartridges).
VOX resins exhibit the following characteristics:
1. Fast cure at ambient tem perature
2. Gap filling capability
3. High strength including peel and impact resistance
4. Ability to bond most materials
5. Excellent durability
6. Minimal surface preparation requirements
7. Easy dispensing possible with the elimination of weighing and mixing of components.
Permabond Adhesives Limited manufacture a wide range of adhesives and sealants. In addition to the 
toughened  acrylic range and VOX™; single part epoxies, cyanoacrylates, anaerobics and two part epoxies 
are  also available. For further details and  technical information contact us at our address  below.
ADHESIVES FOR ENGINEERS
Permabond Adhesives Ltd. 
Woodside Road,
Eastleigh,
Hampshire.
S054E X
Tel: Eastleigh (0703) 641621 
Telex: 477543
©Inform ation contained in this Technical Data leaflet is the copyright of Permabond Adhesives Limited and may not be reproduced 
w ithout written permission.
IciBA-GEIGY
One-pack epoxy ®Araldite A V 119
adhesive for industrial
applications Cures at 120-150°C
Heat resistant to 120°C 
Very good peel strength 
Good chemical resistance 
No flow-off during cure 
Fills gaps up to 3 mm wide
Product data
A s -s u p p lie d  s p e c i f ic a t io n s
Appearance
I
Flow-off during cure at 140°C, 
determined fo r3  m m  layer on 
vertical sheet in oven
Lap shear strength (DIN 53283) 
Cure: 30 min/150°C 
Tested at: 23 °C
Araldite AV 119
beige, high-viscosity paste
No curtaining, sag or f low -o ff 
Li 25 N /m m 2
P ro d u c t c h a ra c te r is t ic s
Araldite A V 1 19
Formulated bisphenol A epoxy adhesive
Flash point (Pensky-Martens)
Density
Shelf life at 15°C 
Odour
>
Plazardous decom posit ion  products 
Disposal
S to ra g e
One-pack adhesives such as Araldite AV 119 are 
best stored dry in the sealed original containers in a 
refrigerator.
°C > 2 0 0
g /c m 3 1.15-1.2
6 months, at least 
slight
carbon monoxide and carbon dioxide when 
disposed of in fire
Regular procedures approved by national and /o r 
local authorit ies
\
I
Properties
Standard tes t pieces
-U nless otherwise indicated, the figures given 
below were determined on standard test pieces 
made by bonding 170 x 25 x 1.5 mm strips of 
alluminium (Anticorodal-100 B) to form a 12.5 mm 
lap joint.
Drum peel test (ISO 4578)
Cure: 30min/150°C
Test at: 23°C
Drum peel strength: 8-10 N/mm
Short-term tests
Lap shear strength  o f typical 
m eta l-to -m eta l jo in ts  (average values)
Cure: 30min/150°C
Test at: 23 °C
Anticorodal-100 B
1.5 mm
Steel 37.11
1 mm
Stainless steel V4A
1.5 mm
Galvanized steel
1.5 mm
Copper
1.5 mm
Brass
1.5 mm
N/mm2 0 5 10 15 20 25 30 35
* Failure lo a d  s t r e s s  is c lo s e  to  th e  e la s t ic  lim it y ie ld  s t r e s s  o f  th e  m eta l
Lap shear strength  versus tem perature
(average values)
Cure: 30 min/150°C
Test: after 10 minutes exposure to test
temperature
Shear modulus (DIN 53445) 
Cure: 30min/150°C
G N/mm2
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Processing
P retreatm en t o f surfaces
To obtain strong, durable jo ints the surfaces to be 
bonded should be cleaned. All traces of oil and 
grease must be removed w ith a degreasing agent 
such as acetone or trichloroethylene. Alcohol, 
gasoline (petrol) or paint thinners should never be 
used.
Maximum bond strength is obtained either by 
abrading and degreasing the surfaces to be 
bonded or by giving them a chemical pretreatment.
A pplication  of adhesive
The adhesive is best applied with a spatula to the 
dry. pretreated bond surfaces.
Bond lines 0.05 to 0.10 mm thick normally show the 
greatest shear strengths.
The parts being bonded should be assembled and 
clamped as soon as the adhesive has been 
applied.
Even, constant contact throughout the joint 
suffices to ensure proper cure.
M echanical application
Equipment that allows mechanical processing and 
application of large quantities of adhesive has 
been developed by specialist firms. CIBA-GEIGY 
w ill be pleased to advise on the choice of 
equipment for given requirements.
Tool m aintenance
Tools and equipment should be cleaned w ith warm 
water and soap before adhesive residues have set. 
The removal of cured adhesive is difficu lt and 
time-consuming. If tools are cleaned using a 
solvent such as acetone the appropriate hygiene 
and safety procedures should be followed. 
Operatives should avoid contaminating the skin 
with solvent or adhesive.
Cure schedules
Temperature 
Cure time
Lap shear strength at23°C
Temperatures below 120°C w ill not give adequate 
cure even when cure time is prolonged.
°c 120 140 150 160 180
min 60 45 30 20 10
N/mm2 20-23 25-28 27-30 : 29-32 30-33
Cure temperatures above 150°C should be avoided 
when jo ining materials of different coefficients of 
linear thermal expansion; otherwise stresses will 
be set up in the bond line on cooling. This effect is 
particularly marked where the bond surfaces are 
large.
